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Abbreviation Explanation  
   
AAT Accelerated aging test   
CL Catalytic layer   
COR Carbon oxidation reaction    
COsurf Carbon surface oxide groups    
CPD Averaged closest distance between two Pt 
nanoparticles 
  
CTAB Cetyltrimethylammonium bromide   
CV Cyclic voltammetry   
DEMS Differential electrochemical mass spectroscopy   
ECSA Electrochemically active surface area   
GC Glassy carbon   
GDL Gas-diffusion layer   
GSD Grain size distribution   
Hads Adsorbed hydrogen    
Hdes Desorbed hydrogen   
HOR Hydrogen oxidation reaction    
HPL  High upper potential limit   
HRTEM High resolution transmission electron microscopy   
HSAC  High surface area carbon   
IL-TEM Identical-location transmission electron 
microscopy 
  
In situ FTIR In situ Fourier transform infrared spectroscopy   
IPD Average interparticle distance   
LPL Low upper potential limit   
MEA Membrane electrode assembly   
MOR Methanol oxidation reaction   
MPL Micro-porous layer   
MSE Mercury sulphate electrode   
NP Nanoparticle   
NW Nanowire   
OCP Open circuit potential   
PEM Proton-exchange membrane    
PEMFC Proton-exchange membrane fuel cell   
PSD Particle size distribution   
RDE Rotating disk electrode   
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rpm Revolutions per minute  
RRDE Rotating ring disk electrode   
SHE Standard hydrogen electrode   
TC Texture coefficient   
TEM Transmission electron microscopy   
XPS X-ray photoelectron spectroscopy   
XRD X-ray diffraction   
Ref. Reference  
0D, 1D, 2D Zero-dimensional, one-dimensional, two-
dimensional 
 
   
 
 
Symbol Meaning Usual unit 
   
σ Surface tension dyne cm-1 
β  Shape factor  
θ  Angle at the peak maximum rad 
λ  X-ray wavelength cm 
ρ Density g cm-3 
µ Metal loading on glassy carbon  µg cm-2 
A Area cm2 
 
Number averaged diameter nm 
 
Surface averaged diameter nm 
 Volume-averaged mean diameter nm 
E Potential V 
F Faraday constant C 
I Current A 
I(hkl)i Intensity of the (hkl) plane  
ID Disk current A 
IR Ring current A 
Ib Backward peak current  mA 
If  Forward peak current mA 








Kinetic current density 
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ILdiff. CL O2 diffusion limited current density in the catalytic 
layer 
A cm-2 
K Scherrer constant  
L Thickness of the catalyst layer µm 
m Weight g 
ne- Average number of electrons produced during the 
reduction of a dioxygen molecule 
 
QCO Charge required to oxidize a monolayer of CO C 
QH Charge required to desorb a monolayer of 
hydrogen 
C 
R Reflectivity   
Sc Specific surface area of carbon m-2 g 
T Temperature  °C 
v Sweep rate V s-1 
V Volume cm3 
W Adhesion work J 
wt. % Weight percent % 
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à plusieurs obstacles tels que leur coût élevé par kW et leur manque de fiabilité et de 
durabilité. 
 
En effet, encours de fonctionnement, on assiste à une perte de surface active de la 
couche catalytique et donc à une perte de performance électrique. Une analyse post-
mortemmontre que quatre mécanismes de dégradation en sont à l’origine : (i) la migration 
et l'agrégationdes nanoparticules métalliques, (ii) la corrosion du support carboné et le 
détachement des nanoparticules métalliques qui deviennent alors déconnectées 
électriquement, (iii) la maturation d'Ostwald, ou dissolution des plus petitescristallites 
métalliques en ions Ptz+  et redépôt de ces ions sur les cristallites de taille supérieure(iv) la 
diffusion des ions Ptz+produits à la cathodedans la membrane échangeuse de protons et 
leur réduction chimique par le dihydrogène qui la traverse, ce qui conduit à la formation 
de cristallites de Pt électriquement déconnectés.  
En dépit d’efforts de recherche importants durant ces cinq dernières années, 
plusieurs questions demeurent sans réponse et font l'objet de cette thèse: 
1. Peut-on séparer la contribution des principaux mécanismes de dégradation de 
nanoparticules Pt/C (migration/agrégation des cristallites, mûrissement d'Ostwald, 
corrosion du support carboné) dans une couche catalytique modèle? 
2. Dans des conditions de fonctionnement spécifiques (température, plage de 
potentiel, humidité relative), existe-t-il une influence de l'atmosphère gazeuse sur les 
mécanismes de dégradation de Pt/C? 
3. Quelle est la nature des interactions existant entre les nanoparticules de Pt et le 
noir de carbone de grande surface spécifique utilisé pour les supporter? 
4. Quel est le mécanisme de corrosion des noirs de carbone utilisés pour supporter 
les nanoparticules de Pt? 
5. Pendant le fonctionnement d’une PEMFC, la densité de nanoparticules de Pt 
isolées diminue au détriment de la fraction de nanoparticules de Pt agrégées: cela 
influence t’il la cinétique de la réaction de réduction de l'oxygène? 
6. Compte tenu de ce qui précède, peut-on améliorer la stabilité des 
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Figure 3. Voltampérogrammes d’électrooxydation d'une monocouche de COads 
sur des électrodes modèles composées de nanoparticules de Pt sur carbone vitreux 
( Pt/GC) (1, 2, 3, 6), du Pt polycristallin (4) et des cristallites d’une taille de grain 
d’environ 5 nm déposées par voie électrochimique sur carbone vitreux (5). v = 0,100 v s-1. 
0.1 M H2SO4. T = (293 ± 2) K. 
II. Résultats et discussion 
A.Preuves de la migration des cristallites de Pt sur les noirs de 
carbone utilisés comme support en présence de 
moléculesréductrices 
Un des résultats clé de cette thèse est d’avoir pu mettre en évidence que les 
nanoparticules de Pt ne sont pas immobiles mais diffusent, entrent en collision et 
agrègent sur le support carboné. La Figure 4 montre l'effet de plusieurs 
voltampérogrammes successifs d’électrooxydation de CO sur un catalyseur Pt/Vulcan XC 
72 (40 wt. %). On note une diminution de la charge électrique contenue sous le pic 
principal et une augmentation de la chargecontenue sous le pré-pic. Compte tenu de ce 
qui précède, ces résultats nous indiquent que les nanoparticules de Pt sont mobiles sur le 
support carboné et agglomèrent au cours de la séquence expérimentale. La validité de 
cette hypothèse est confirmée par l'analyse des images de microscopie électronique à 
transmission (MET), qui montrent que le nombre de particules Pt/Vulcan XC 72 isolées 
est fortement à la faveur d’une augmentation du nombre de nanoparticules agglomérées 
et/ou non-sphériques. Très clairement, cet effet dépend du chargement massique en Pt 




Figure 4. (A-C) Effet d’une séquence de dixvoltampérogrammes successifs 
d’électrooxydation de CO sur un catalyseur Pt/Vulcan XC 72(D-F) images MET 
représentatives et distributions de tailles des particules «isolés» avant/après cette 
séquence. Les courants sont normalisés par rapport à la surface réelle estimée à partir de 
la coulométrie d’électrooxydation de COads. Chaque voltampérogramme est la moyenne 
de trois mesures. Electrolyte: 0,1 M HClO4, v = 0,020 V s 
-1, T = 20 °C. 
 
Nous avons étendu cette étude à deux autres molécules d’intérêt pour les PEMFC : 
l’hydrogène etle méthanol. La Figure 5 montre les voltampérogrammes 
d’électrooxydation de COads enregistrés sur Pt/Vulcan XC 72(40 wt. %)avant (trait plein) 
et après (trait pointillé) 50 ou 800 cycles de potentiel dans une solution saturée en H2/CO 
ou contenant 0,5 M de méthanol. Par souci de comparaison, une expérience « à blanc» a 
également été réalisée sous argon i.e. en l'absence d'une molécule réductrice en solution. 
La Figure 5 montre que la charge d’électrooxydation de COads contenue sous le pré-pic 
augmente en présence de molécules réductrices en solution, quelle que soit sa nature. Une 
baisse importante de la densité de nanoparticules isolées et des changements mineurs de 
taille sont observés durant la séquence, ce qui confirme que c’est principalement la 




Figure 5. Voltampérogrammes d’électrooxydation de COads mesurés sur 
Pt/Vulcan XC 72(40 wt. %) avant/après 50 ou 800 cycles entre 0,05 et 1,23 V vs RHE 
dans des solutions contenant de l'hydrogène, du monoxyde de carbone ou du méthanol. 
Les encarts montrent des images MET représentatives du catalyseur après 50 ou 800 
cycles de potentiel. Electrolyte: 0,1 M HClO4, v = 0,020 V s 
-1, T = 20 °C. 
 
Afin de confirmer nos données expérimentales, des expériences de microscopie 
électronique en transmission permettant de visualiser une zone du catalyseur avant/après 
les expériences (Identical Location Transmission Electron Microscopy, IL-TEM)ont été 
réalisées. De façon similaire à ce qui a été effectué précédemment, 800 cycles de 
potentiel ont été réalisées dans deux différentes gammes de potentiel, 0,05 <E< 0,50 V vs 
RHE (Figure 6) ou 0,05 <E< 1,23 V vs RHE. On note peu de modifications sous 
atmosphère d'argon pour 0,05 <E< 0,50 V vs RHE, à l'exception du détachement de 






Figure 6. Images IL-MET de catalyseursPt/Vulcan XC 72(40 wt. %) avant et 
après 800 cycles de potentiel entre 0,05 et 0,50 V vs RHE dans 0,1 M HClO4 contenant 
Ar, CO ou O2. Les carrés blancs indiquent les endroits où les nanoparticules de Pt 
19 
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migrent et agglomèrent, les carrés bleus soulignent les endroits où des nanoparticules de 
Pt sont détachées et les lignes rouges soulignent les zones où le support carboné est 
corrodé. Electrolyte: 0,1 M HClO4, v = 0,020 V s 
-1, T = 20 °C. 
 
Sous atmosphère de O2, le détachement des nanoparticules est plus prononcé, et 
indique qu’il y a corrosion du support carboné. En effet, à faible potentiel d'électrode, la 
réaction de réduction d'oxygène engendre la formation d’espèces radicalaires 
hydroperoxyle (HOO•), et hydroxyle (HO •). Ces dernières possèdent un potentiel 
standard de 2,80 V vs. RHE à T = 25 °C et sont extrêmement agressives envers le support 
carboné, ce qui conduit au détachement de nanoparticules de Pt. Des preuves visuelles de 
la corrosion de carbone sont visibles dans les images MET. Sous atmosphère de CO, la 
migration des cristallites est le mécanisme de dégradation majeur, mais aucun signe de 
coalescence des nanocristallites de Pt n’est observé. Nous pensons que deux phénomènes 
permettent d’expliquer les observations expérimentales : (i) une modification du travail 
d'adhésion issu de la chimisorption sur Pt/C et/ou (ii) la réduction des groupements de 
surface contenant de l'oxygène présent sur le support carboné par H2, CH3OH et CO. En 
résumé, nos résultats montrent que les nanocristallites de Pt ne sont pas immobiles sur le 
support carboné mais diffusent et peuvent entrer en collision dans des conditions de 
potentiel données. Bien que revêtant une importance mineure en termes de perte de 
surface active électrochimique, ce phénomène peut influencer, voire accélérer la vitesse 
d’autres mécanismes de dégradation, tels que la corrosion électrochimique du support 
carboné et le mûrissement d'Ostwald 3D. La vitesse de migration des nanocristallites de 
Pt est la plus élevée dans une solution contenant du CO et diminue dans l’ordre suivant 
CO>CH3OH>H2.  
B. Corrosion du carbone et des nanoparticules de platine a circuit 
ouvert 
En second lieu, nous nous sommes intéressés au mécanisme de corrosion du 
support carboné« en circuit ouvert ». Pour ce faire, nous avons réalisé une encre 
composée de poudre Pt/Vulcan XC 72 (40 wt. %), de ionomère solide (Nafion®) et d’eau 
et l’avons laissé en contact avec de l’air pendant 3,5 ans. Ces conditions expérimentales 
20 
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provoquent un potentiel mixte produit par la corrosion du support carboné (réaction 
anodique) et la réduction de l'oxygène sur Pt (réaction cathodique). La figure 7 montre 
l’évolution des voltampérogrammes cycliques mesurés après différentes durées de 
vieillissement. 
 
Figure 7. Voltampérogrammes cycliques mesurés sur Pt/Vulcan XC 72(40 wt. %) 
après différentes durées de vieillissement sous potentiel à circuit ouvert. Le courant est 
normalisé par rapport à la surface réelle estimée grâce à la coulométrie 
d’électrooxydation d’une monocouche de COads. Chaque voltampérogramme est la 
moyenne de trois mesures.Electrolyte: 0,1 M HClO4, v = 0,020 V s 
-1, T = 20 °C. 
 
Les groupements de surface présents sur le support carboné ont été identifiés par 
spectroscopie infrarouge à transformée de Fourier (FTIR). La Figure 8 montre des 
spectres infrarouge mesurés à E = 0,80 V vs. RHE sur l’électrocatalyseur Pt/Vulcan XC 
72 neuf et après différentes durées de vieillissement. Le spectre de référence est mesuré 
àE = 0,10 V vs RHE, ce qui permet (i) de limiter la déformation induite par les modes de 
vibration des groupements OH des molécules d'eau et (ii) d’exacerber les modes de 
vibration des groupements fonctionnels formés entre 0,1 <E<0,80 V vs. RHE sur le 
support carboné. On note la présence de bandestrès larges dans la région 1000 <υ <1300 
cm-1 (groupements carboxyle, éther, alcool et/ou phénol), qui indique la complexité de 
l'environnement chimique de ces groupements (présence de cycles aromatiques et d'autres 
groupements de surface à proximité). La bande présente à υ  = 1385-1390 cm-1sur 
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l’électrocatalyseur Pt/Vulcan XC 72 natif est attribué aux groupements COH dans les 
groupes carboxyle. Dans la région 1600<υ <1850 cm -1, la bande à 1705-1730 cm -1 
indique la présence de groupes carbonyledans des acides carboxyliques ou des groupes 
lactone. L’élongation des molécules de CO adsorbées sur la surface de Pt est observée à 
υ = 2000 cm -1 et celle des groupements O = C = O de CO2 est observée àυ = 2345 cm -1. 
 
Figure 8. Spectres FTIR mesurés à E = 0,80 V vs RHEsur Pt/Vulcan XC 72(40 
wt. %) neuf et après différentes durées de vieillissement à circuit ouvert. Le spectre de 
référence a été mesuré à E = 0,10 V vs RHE. 
 
La Figure 9 montre les courbes d’électrooxydation de COadssur le catalyseur natif, 
après 1,5 ans, 2,5 ans et 3,5 ans. On note deux pics distincts sur le catalyseur natif : un 
large pic à E = 0,65 V vs. RHE et un pic principal à environ E = 0,84 - 0,85 V vs. RHE. 
Lors du vieillissement, la charge contenue sous le pré-pic augmente au détriment du pic 
principal. Simultanément, la position du pic principal reste pratiquement inchangée. Ces 
changements indiquent une fraction accrue de nanoparticules Pt/Vulcan XC 72 
agglomérées et des modifications mineures de la taille des nanoparticules de Pt dans 
l’échantillon, en accord avec les distributions de taille de particules établies à partir de 




Figure 9. Courbes d’électrooxydation de COads(à gauche) et distributions de taille 
de particule (à droite) de Pt/Vulcan XC 72(40 wt. %) neuf et après vieillissement à circuit 
ouvert. Les encarts représentent des images MET représentatives des électrocatalyseurs. 
Les courants sont normalisés par rapport à la surface réelle estimée grâce à la coulométrie 
d’électrooxydation de COads. Chaque voltampérogramme est la moyenne de trois mesures. 
Electrolyte: 0,1 M HClO4, v = 0,020 V s 
-1, T = 20 °C. 
 
La spectroscopie Raman est une technique non destructive qui permet de sonder 
le degré de graphitisation du support carboné. La bande de vibration apparaissant à 
environ 1355 cm-1 (bande D1) sur les échantillons, est attribuée à la structure 
désordonnée ou amorphe du support carboné (hybridation sp3) et la bande G à env. 1595 
cm-1 est attribuée aux domaines ordonnés ou graphitiques du support carboné 
(hybridation sp2). La Figure 10 montre que le catalyseur neuf possède une structure très 
désorganisée, en bon accord avec la structure turbostratique du Vulcan XC72. On note en 
cours du vieillissementune oxydation préférentielle des domaines désordonnés du support 
carboné puis des domaines organisés, ce qui nous indiqueque les défauts 
cristallographiques du matériau carboné sont des sites privilégiés pour l'initiation de la 




Figure 10. Spectres Raman mesurés sur les électrocatalyseurs Pt/Vulcan XC 72 
(40 wt. %)neuf et après 1.5 ans, 2,5 ans et 3,5 ans de vieillissement à circuit ouvert. 
 
 En résumé, ces résultats expérimentaux indiquent que dans des conditions de 
potentiel à circuit ouvert, les domaines amorphes du support carboné (non graphitiques, 
hybridation sp3) sont préférentiellement oxydés. Les domaines ordonnés du support 
carboné (carbone graphitique, hybridation sp2) sont également corrodés, la vitesse de ce 
processus étant largement inférieure à ce qui est observé sur les domaines amorphes du 
support carboné. La corrosion des domaines organisés produit principalement des 
groupements de surface de type CO et, dans une moindre mesure, des molécules de CO2à 
E= 0,80 V vs. RHE. Celle des domaines non-organisés produit principalement des 
groupements de surface contenant de l’oxygène. La combinaison d’expériences de 
microscopie électronique et les informations dérivées des techniques électrochimiques 
révèlent une perte continue de la densité denanoparticules de Pt au fil du temps, ce qui 
indique que ces phénomènes sont catalysés par le Pt.  
C.Effet de l'épaisseur de la couche de catalyseur et de la charge de Pt 
sur l'activité pour l’électroréduction du dioxygène moléculaire 
Dans le troisième chapitre expérimental, nous nous sommes intéressés à l’effet de 
la baisse de densité des nanoparticules de Pt, observée en cours du vieillissement des 
matériaux de PEMFC, sur les cinétiques de la réaction cathodique. Pour ce faire, nous 
avons utilisé deux électrocatalyseurs Pt/Sibunit 5 wt. % (A) et Pt/Sibunit 1,5 wt. % (B). 
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La Figure 11présenteles voltampérogrammes mesurés dans un électrolyte 0,1 M 
HClO4saturé en oxygène.  
Deux caractéristiques remarquables apparaissent lorsque les baisses de 
chargement Pt: (i) un décalage des courbes d’électroréduction de O2 vers les potentiels 
d’électrode négatifs et (ii) une diminution du courant limité par la diffusion. Ces résultats 
ont été reliés à une diminution du nombre de sites catalytiques permettant l’adsorption de 
molécules d’O2 et à l'influence d’une espèce intermédiaire H2O2générée lors de la 
réaction. Les mesures effectuées en configuration électrode à disque-anneau tournant 
(Figure 12) ont relié partiellement ladiminution du nombre d’électrons transférés lors de 
la réaction cathodique à une plus grande production de H2O2 lorsque les couches 
catalytiques sont très fines et/ou possèdent une faible teneur en platine.En effet, la 
probabilité de ré-adsorption de H2O2 sur des nanoparticules de Pt voisines est inférieure 
lorsque le nombre de sites catalytiques diminue. De façon similaire, une diminution de 
l'épaisseur de la couche catalytique augmente la probabilité pour les molécules de H2O2 
de s'échapper de la couche catalytique et d'être détectées à l'anneau. Ceci suggère que le 
vieillissement des couches catalytiques influence également les cinétiques de la réaction 




Figure 11. Courbes de polarisation pour l’électroréduction de O2 sur Pt/Sibunit 5 
wt. % (A) et Pt/Sibunit 1,5 wt. % (B). 0,1 M HClO4 saturé en O2, v = 0,002 V s
-1; 
balayage de potentiel vers les potentiels négatifs, vitesse de rotation 1600 tours par 
minute, T = 20 ± 1 °C. Les courants sont normalisés par rapport à la surface géométrique 





Figure 12. Nombre effectif d'électrons électrons transférés (a) et fraction de 
molécules de H2O2produites au cours de l’électroréduction de O2 (b) sur Pt/Sibunit 5 wt.% 
et Pt/Sibunit 1,5 wt. %.0,1 M HClO4 saturé en O2, v = 0,002 V s
-1; balayage de potentiel 
vers les potentiels négatifs, vitesse de rotation 1600 tours par minute, T = 20 ± 1 °C.. 
D.Des nanofils de Pt comme électrocatalyseurs plus robustes dans le s 
couches catalytiques de PEMFC 
Enfin, dans une dernière partie et en axant notre réflexion sur les résultats obtenus 
dans les chapitres précédents, nous avons synthétisé et caractérisé des nanofils de platine 
permettant d’améliorer la durabilité des couches catalytiques. Ces derniers sont en effet 
des catalyseurs parfaits entre surfaces étendues (pour lesquelles les problèmes de 
dissolution du Pt sont limités), peuvent ne pas être supportés (absence de corrosion du 
support carboné) et améliorent les problèmes de migration/agrégation rencontrés avec des 
catalyseurs de taille nanométrique.Les nanofilssynthétisés possèdent un diamètre de 2.1 
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nm, une proportion importante de plans cristallins de haut indice de Miller, et une forte 
densité de joints de grain (cf.caractérisations par MET et diffraction des rayons X (DRX)). 
Leur diamètre moyen a été estimé en comptant plus de 50 différentes zones enMETvaut 
2,1 ± 0,2 nm. Il est en accord avec la taille moyenne des cristallites estimée par DRX 
(Figure 14). 
 
Figure 13. Images MET de nanofils de Pt à faible grossissement (A) et à fort 
grossissement (B). 
 
Figure 14. Diffractogrammes X et taille moyenne des cristallites pour des 
nanoparticules Pt/Vulcan XC 72(20 wt. %) et des nanofils de Pt. 
 
La Figure 15compare les voltampérogrammes d’électrooxydation de COads 
mesurés surdes nanofils de Pt et des catalyseurs de référence Pt/XC 72 (20 wt. % et 40 
wt. %) avant/après un test de vieillissement composé de 1000 ou 5000 cycles entre 0,05 
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V vs RHE et 1,23 V (0,1 M dans HClO4, v = 0,2 V s
-1, T = 60 °C). On note sur les 
électrocatalyseurs Pt/Vulcan XC 72une augmentation de la charge contenue sous le pré-
pic au détriment de la charge contenue sous le pic principal, qui indique la formation 
d'agrégats de Pt. A contrario, sur les nanofils de Pt, la position du pic d’électrooxydation 
de CO reste largement inchangée, ce qui démontre leur grande stabilité. 
 
Figure 15. Voltampérogrammes d’électrooxydation de COadsmesurées sur des 
nanofils de Pt supportés ou non sur Vulcan XC72 et sur des électrocatalyseurs de 
référence Pt/Vulcan XC 72 20 et 40 wt. % après un test de vieillissementréalisédans 0,1 
M HClO4, à v = 0,2 V s
-1 etT = 60 °C.  
 
La Figure 16 présente l'activité électrocatalytique de ces mêmes matériaux pour 
électrooxyder le méthanol dans 0,1 M HClO4 + 0,5 M MeOH. Le rapport de la densité de 
courant mesuréelors du balayage vers les potentiels positifs(If) à sur la densité de courant 
mesurée lors du balayage vers les potentiels négatifs (Ib) a été utilisé pour quantifier 
l’activité de ces matériaux et déterminer leur tolérance au monoxyde de carbone, 
principal intermédiaire réactionnel de la réaction. Le rapport (If/Id)dépend fortement de la 
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vitesse de balayage de potentiel, et est beaucoup plus élevé sur les nanofils de Pt que sur 






Figure 16. Voltampérogrammes cycliques de nanofils de Pt supportés sur Vulcan 
XC72(a), Pt/Vulcan XC 72 (40 wt. %) (b) et Pt/Vulcan XC 72 (20 wt. %) (c) dans 0,1 M 
HClO4 + 0,5 M MeOH à différentes vitesses de balayage v = 0,2, 0,1, 0,05 et 0,01 V s 
-1. 
T = 20 °C. 
 
Les résultats de ce chapitre de thèse ont montré que la morphologie des 
électrocatalyseursjoue un rôle essentiel sur leur activité électrocatalytique et leur 
durabilité: les nanofils de Pt 1D permettent d’abaisser la surtension d'oxydation de CO de 
prêt de 0,17 V et sont stables en conditions réductrices (présence de méthanol en 
solution). L’activité électrocatalytique importante découle de leur densité de défauts 
structuraux importante et d’une texturation du matériau mise en évidence par DRX. Les 
nanofils de Pt possèdent également une meilleure durabilité que les électrocatalyseurs de 
taille nanométrique, que nous avons expliqué par une masse d’électrocatalyseur plus 
importante (plus difficile à mouvoir), et une zone de contact plus importante avec le 
support carboné. Les nanostructures 1D apparaissent prometteuses pour résoudre les 
problèmes de durabilité rencontrés avec les matériaux 0D actuellement utilisés dans une 
PEMFC. 
III. Conclusions 
Cette thèse s’est intéressée aux mécanismes de dégradation de nanoparticules de 
Pt supportées sur des noirs de carbone de forte surface spécifique. Ces dernières sont 
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utilisées à ce jour pour catalyser la réaction d'électrooxydation de l'hydrogène et la 
réaction d’électroréduction du dioxygène dans une PEMFC. Nous avons mis en évidence 
les différents mécanismes conduisant à une perte de surface active électrochimiquement 
et avons trouvé des conditions permettent d’isoler chacun de ces mécanismes. Nous 
avons montré que les nanoparticules de Pt supportées sur carbone ne sont pas immobiles 
mais agrègent en conditions réactionnelles notamment en présence de molécules 
réductrices. La vitesse de ce processus varie dans l'ordre CO > CH3OH > H2. Nous nous 
sommes également focalisés sur le mécanisme d’électrooxydation du Vulcan XC72, un 
noir de carbone classiquement utilisé dans une couche catalytique de PEMFC. Une 
conséquence majeure de de la corrosion du support carboné est l'agrégation et le 
détachement des nanoparticules de Ptcomme le révèlent les expériences de microscopie 
électronique en transmission. Ces mêmes mécanismes de dégradation conduisent à une 
distance croissante entrenanoparticules de Ptqui influence les cinétiques de la réaction 
cathodique (ORR)par des effets de transport et ré-adsorption de H2O2, le principal 
intermédiaire réactionnel. Enfin, des nanofils de Pt ont été synthétisés pour surmonter les 
problèmes de durabilité rencontrés avec les matériaux précédemment évoqués. 
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Chapter I – Literature review 
 
I. Energy and environmental crisis review 
A. From the first industrial revolution to the energy crisis 
Starting from the United Kingdom in the 18th century, the first industrial revolution 
has profoundly affected the lives of a part of humanity. It was driven by the progress of 
agriculture and the population increase that caused an increase in demand and 
production. This demand was satisfied thanks to a set of parameters: (i) development of 
iron, cast iron and steel manufacturing, (ii) shorter times between scientific discoveries 
and technical applications, (iii) abundant workforce and (iv) profusion of low-cost 
primary energy sources, such as coal. Combined to steam engines, coal provided energy 
in mines, factories, and allowed the development of new means of transport (rail, boat). 
Years later, coal was replaced by oil that was lighter, and easier to store and transport. 
This new source of energy was called "black gold" and became the main energy source 
during the 20th century. Today, most of the energy consumed by the world comes from 
non-renewable resources, which are limited in quantities and can be depleted. Examples 
include: oil (petroleum), natural gas, coal and uranium (nuclear). Petroleum accounts for 
approximately 34% of the world’s energy consumption. [1] Coal and natural gas 
together supply approximately 48%. Uranium is another non-renewable energy resource 
used in nuclear power plants, and is used for approximately 7% of the world’s energy. 
Finally, renewable energy resources (solar, wind, biomass and hydropower) account for 
approximately 8% of the world’s energy consumption. 
The situation in 2012 resembles that of a dangerous "end of game": the price of 
these non-renewable resources climbs because they are of limited supply and cannot be 
replenished in a short period of time. Furthermore, our economy has become so 
globalized that their scarcity also affects the price of most of the goods that we use in 
our daily lives. According to the global proved reserves, the primary energy resources 
just can provide less than several hundreds of years need at present conditions [2]. In 
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addition, the consumption of the fossil fuels impacts on the environment through the 
production of greenhouse gases. Indeed, when coal, oil or natural gas is burned they 
release a large range of greenhouse gases including carbon dioxide, water vapour, 
methane and nitrous oxides. These gases trap the sun's heat in the Earth's atmosphere, 
acting like a lens in a magnifying glass, and increasing the heat of the sun (“global 
warming”). This is called the “greenhouse effect”. 
In 2005, thirty industrialized countries engaged to meet quantitative targets for 
reducing or limiting emissions of greenhouse gases (the Kyoto Protocol). 1 In December 
2011, the United Nations conference on climate change, held in Durban (South Africa), 
led to the adoption of a roadmap for an agreement to establish by 2015 a global pact to 
reduce emissions of greenhouse gases, which would entry into force in 2020. The text 
included for the first time all the countries worldwide in the fight against global warming, 
but it did not provide legal constraint, or actions to reduce emissions of greenhouse gas 
and limit global warming below the threshold 2 °C.  
Finally, the energy demand worldwide is continuously increasing due to the 
increase in population and the fast economic growth of countries such as Brazil, India 
and China. At the time this thesis is written, these countries have adopted a very similar 
energy model to the one of Europe and USA, i.e. based on low-cost and available energy. 
Therefore, there is a vital interest to develop eco-friendly new energy resources that are 
able to face the end of fossil energies (non-renewable energy sources), and that are 
generated from sources that cannot be depleted (renewable energy sources). New 
solutions need to be developed and implemented at a large scale to use the power of 
sun, wind and water, and to convert it into a secondary energy source such as electricity 
[3].  
B. Promising renewable energies  
1 In 2010, 168 countries had ratified the protocol. 
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Solar energy is actually considered as the most promising renewable energy. It is 
the energy derived from the sun through the form of solar radiation, and it is used in 
two major ways: solar cell for electricity generation and solar heating [4]. Though the 
solar energy is clean and abundant, the low energy efficiency of solar cells must be 
improved. Wind energy is another widely explored renewable energy source [5]. 
Nowadays, airflows are used to run turbines, and generate clean electricity and offshore 
farms are developed to sustain more energy. However, wind energy remains limited to 
the regions where winds are strong and constant, such as coast and high altitude sites. 
Finally, biomass, geothermal, ocean energy and other potential clean energy sources are 
still far away from massive application.  
C. Fuel cells and the hydrogen energy  
For both renewable and non-renewable energy sources, the energy produced 
needs to be stored so as to be delivered in an easily usable form. A promising approach 
is based on the use of electrolysers that can store electricity by producing hydrogen and 
oxygen from water electrolysis, and later produce power when the molecules 
recombine to make water in a fuel cell. Indeed, hydrogen is as an energy rich molecule 
that allows easy energy conservation and transport (the heat of H2 + O2 reaction at 
ambient temperature and pressure is 286 kJ mol-1) [6]. A fuel cell is a device converting 
chemical energy of a fuel, for example hydrogen, into electrical energy. The basic fuel 
cell types span a remarkable range of operating temperatures, and performance 
specifications [7]. Countries such as Japan, Germany, USA, Canada, France, and Iceland 
are developing fundamental as well as applied research programs to develop this 
technology. Although other forms of hydrogen are possible (for example, heating, 
cooking, power generation, aircraft, locomotives), a major use for fuel cells is in portable 
and mobile applications (cars, trucks, buses, taxis, motorcycles) in which compact and 
efficient power sources are needed.  
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II. Proton exchange membrane fuel cell 
A. Historical notes 
The discovery of the principle of the fuel cell is due to Christan Friedrich Schönbein, 
Professor at the University of Bâle, who reported on the reaction of hydrogen and 
oxygen on Pt electrodes [8]. Between 1839 and 1842, Sir William Robert Grove 
documented a series of experiments on an invention which he termed “gaseous voltaic 
battery”, composed of one pair of Pt electrodes and acidic solution [9, 10]. The first 
large boost in fuel cell technology happened in the end of 1950s and the beginning of 
1960s. In 1962, a proton-exchange membrane fuel cell (PEMFC) designed by scientists 
working at General Electric (GE) was used as the power supplier of Apollo U.S. manned 
lunar landing spacecraft [8]. Since that time, the rapid development of the PEMFC 
technology led to expectations of rapid and wide commercialization. For application in 
the areas of transportation and stationary, portable and micro powered PEMFCs offer 
unique and favourable advantages over chemical batteries in terms of efficiency, energy 
density, zero or low gas emissions.  
B. Working principle 
In a PEMFC, the hydrogen oxidation and the oxygen reduction reactions are 
performed separately at two electrodes: the anode and the cathode, respectively 
(Figure I-1). At the anode, the hydrogen oxidation reaction (HOR - Reaction 1a) produces 
protons and electrons, which are then used to reduce oxygen into water at the cathode 
(oxygen reduction reaction, ORR – Reaction 1b). Protons are transported from the 
anode to the cathode via the proton-conducting membrane, electrons going through an 
external circuit. 
 
O2 + 2H2→ 2H2O       Equation I-1 
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2H2→ 4H+ + 4e-       Equation I-1a 
O2 + 4e- + 4H+→ 2H2O      Equation I-1b 
 
The key component of a PEM fuel cell is the Membrane Electrode Assembly (MEA). 
This is multi-layered sandwich material composed of catalytic layers (CLs), where 
electrochemical reactions occur, gas-diffusion layers (GDLs), enabling the fuel/oxidant 
transport to the CLs, water management and electron/heat conduction, and a proton 
exchange membrane (PEM). The PEM, usually a perfluorosulfonated ionomer such as 
Nafion, acts as a proton conductor and prevents direct recombination of the reactants 
(low gas permeability). The CLs are constituted of Pt-based nanoparticles 
(electrocatalyst) supported on carbon (black, fibres or nanotubes), together with the 
recast Nafion ionomer network. They are used to accelerate the reaction kinetics. The 
role of Nafion consists of holding the catalyst particles together, forming a continuous 
pore-volume network, and providing a path for proton transfer. The number of 
electrochemically active Pt sites is one of the effective factors for fuel cell electrode 
reactions (Figure I-1). Usually, a large number of electrochemically active Pt sites 
(electrochemical active surface area, ECSA) translates into a high performance of the 
fuel cell electrodes. For operation with pure H2, carbon-supported Pt nanoparticles 
(referred to as Pt/C in what follows) are classically used at the anode but Pt-Ru/C, Pt-
Sn/C or Pt-Mo/C offer better performance in CO-contaminated H2 or for direct alcohol 
oxidation. At the cathode, Pt may be alloyed with a 3d-transition metal (referred to as 
Pt-M/C in what follows) to improve its ORR performance, and to decrease the 
electrocatalyst cost. The working principle of a polymer electrolyte fuel cell is illustrated 





Figure I-1. Schematic description of an hydrogen / oxygen fuel cell and the 
structure of PEM catalyst. 
,,,Issues for practical PEMFC applications 
Although PEMFC now possess sufficient initial electrical performances for 
industrial deployment, [11, 12] they still face several hurdles such as their high cost per 
kW and their lack of reliability and durability, which is the focus of this Ph.D. Cost issues 
are primarily due to the use of precious metal catalysts in the catalytic layers. The cost 
of a 80 kW automotive proton-exchange membrane fuel cell system operating on direct 
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hydrogen and projected to a manufacturing volume of 500,000 units per year was 61 
$ kW-1 in 2009 technology and in 2009 dollars, and for 2015 the US Department of 
Energy targets to reduce this cost to 30 $ kW-1 in order to compete with internal-
combustion engines [13]. The poor durability of PEMFC materials is another key issue 
preventing the wide commercialization of PEM fuel cells.  
A. High cost of PEMFC materials 
Figure I-2 shows the cost ratio of the main components of a PEMFC. Proton 
exchange membranes, precious metal catalysts (typically Pt or Pt alloys), gas diffusion 
layers, and bipolar plates account for 70% of the total cost of the system [2, 13]. 
The price of the electrocatalysts dominates the total fuel cell cost. During the last 30 
years, some solutions for reduction of the cost of catalyst have been put forward: 
exploration of non-noble electrocatalysts and reduction of the Pt loading.  
 
 
Figure I-2. Fuel cell cost ratio of major components and its breakdown. Reprinted 
from Ref. [13]. 
 
Firstly, large efforts have been made to find non-noble metal catalysts including: 
transition metal chalcogenides and heat-treated nitrogen containing complexes [14]. 
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Bashyam and Zelenay examined the activity of cobalt–polypyrrole–carbon composite 
catalysts, which feature good activity and stability in PEM fuel cells, and generated a 
peak power density of 0.14 W cm-2 [15]. Bezerra et al. [16] reviewed the study of heat-
treated Fe and Co-N/C catalysts. Though remarkable progresses have been made this 
field, any of these catalysts has reached the level of a Pt-based catalyst in terms of 
catalytic activity, and chemical/electrochemical stability. Transition metal oxides, such 
as perovskite, are also interesting candidates to replace Pt in PEMFC catalytic layers but 
they are unstable in the PEM fuel cell environment [14]. Reeve et al. [17] observed that 
in acidic solutions, the activity declines substantially, and the stability of the oxide phase 
is very poor. The slow dissolution of the metal components of the oxide and their re-
deposition at the anode caused severe cumulative poisoning problems. 
Secondly, recent studies of Gasteiger et al. [11, 18], Brault and Coutanceau [19-21] 
and Billy et al. [22] have demonstrated that MEAs using Pt loading below 200 µgPt cm-
2
geo at the cathode could still withstand comparable cell performances under H2/Air with 
respect to conventional MEAs. At the anode, the Pt loading can even further be reduced 
to 35-50 µg of Pt per cm2 without any voltage loss. Decreasing the Pt/C particle size may 
also enable to expend the Pt surface area / Pt mass (cost) ratio, but such strategy is not 
always beneficial, since the structure sensitivity of the fuel cell reactions yields lower 
kinetics on small carbon-supported nanoparticles [23]. Finally, many research programs 
are currently being conducted on alloys composed of Pt and a non-noble metal [11]. 
Mukerjee and Srinivasan [24] first investigated the ORR kinetics on some binary alloys of 
Pt (PtNi, PtCr and PtCo). Their results revealed enhanced electrocatalytic activities, 
lower activation energies and different reaction orders for all the alloys relative to pure 
Pt. They bridged the increase in oxygen reduction reaction catalytic activity to both 
electronic (the higher Pt 5d-orbital vacancies) and geometric factors (shorter Pt–Pt bond 
distances), and stressed the importance of surface-blocking spectator species such as 
oxygenated species. At the anode, several Pt-M alloys exhibit better activity than Pt for 
methanol and hydrogen electrooxidation: PtRu [25], PtSn [26] PtCo [27] and PtPd [28]. 
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However, though these alloying materials show efficient activity for fuel cell reactions, 
comparing to Pt, their stability is much lower in electrochemical environment [29-37]. 
B. Low durability of PEMFC materials 
The low durability of the MEA is another serious problem preventing the wide 
commercialization of PEMFCs. Since the degradation of the PEM, of the CL and of the 
GDL are correlated [38], the phenomena are difficult to evaluate separately. 
1. Degradation of the bipolar plates 
Bipolar plates are key components used to distribute the hydrogen and oxygen 
gases, collect water exiting the cell, and the current generated through the 
electrochemical reactions at the anode/cathode. Because of the harsh working 
environment of the PEMFC, bipolar plates should exhibit high corrosion resistance, 
appropriate mechanical properties, good thermal and chemical stability, and low ohmic 
resistance [39, 40]. Many kinds of materials have been evaluated as bipolar plates, 
including metals, carbon, carbon/graphite-based composites, and organic polymer 
based materials [41, 42]. Graphite and graphite composites are most used for their 
favourable properties such as good electrical conductivity, inertia to chemicals, and low 
density. However carbon oxidation/corrosion easily occurs in extreme operating 
conditions such as cell reversal [43].2 Therefore, the focus is presently on metallic 
bipolar plates that may also suffer the same problem of corrosion, [42] yielding metallic 
cations release and increased contact resistance. 
2. Degradation of the gas-diffusion layers 
The GDL is a porous substrate pressed onto the CL: this is the channel for the 
gas/water transport, electronic/heat conduction and the mechanical protection of the 
2 Cell  reversal occurs when the fuel cell  stack is loaded and not enough fuel is supplied to the anode. 
Drawing excessive current from any one cell  more than its fuel delivery can lead to cell  reversal. 
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CL. Generally, the GDL is a porous carbon fibber/cloth covered by a mixture of porous 
carbon powder and a hydrophobic agent (polytetrafluoroethylene). In addition to a bulk 
hydrophobic treatment, GDLs are often coated with a microporous layer (MPL) on their 
catalyst-facing side, [44-46] to aid liquid water transport and current collection. When a 
MPL is added between the CL and GDL, the liquid saturation is redistributed across the 
MPL and GDL to improve the water management within the PEM fuel cell. Several 
mechanisms of GDL degradation have been proposed in the literature including: 
mechanical degradation [47], carbon corrosion [48, 49], and hydrophobic agent 
decomposition [50]. Most of them cause hydrophobicity loss and changes in the GDL 
pore structure, resulting in an increase in the water content of the GDL and the MPL and 
thus impeding gas phase mass transport [51-53]. It should be noted that the carbon 
fibres of the GDL and the carbon black particles of the MPL are more stable than the 
carbon black in the CL due to the absence of Pt that can catalyse the electrochemical 
oxidation of carbon [54]. However, chemical surface oxidation of carbon by water 
proceeds [48, 49].  
3. Degradation of the proton-exchange membrane 
The proton exchange membrane is a thin layer of solid electrolyte, which 
conducts protons from the anode to the cathode, while preventing electron transport 
and the cross-over of fuel molecules from the anode and oxygen reactant from the 
cathode. Proper membrane material requires high ionic conductivity, chemical stability 
in an acidic environment, thermal stability throughout the operating temperature, and 
good mechanical toughness. Nafion, which was developed by the DuPont Company in 
the 1960s, is based on perfluorosulfonic acid and is extensively used for its good 
performance in PEM fuel cell operation conditions. However, in operating conditions, 
Nafion membranes degrade by several mechanisms including modification of the 
chemical and mechanical properties, and thermal decomposition [55-57]. Mechanical 
degradation includes the formation of cracks, tears, punctures, and pinholes due to the 
presence of foreign particles or fibres introduced during the MEA fabrication process 
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that might perforate the membrane, and facilitate the gas crossover. Chemical 
degradation originates from chemical attack by hydrogen peroxide radicals, resulting in 
breakage of the membrane's backbone and side-chain groups and subsequent loss of 
mechanical strength and proton conductivity, thus leading to an increase in resistance 
and declining cell performance. It is currently admitted that chemical degradation, 
leading to ionomer damage and loss in PEM functionalities, results from a chemical 
attack initiated by active oxygen species [29]. Such species as HO• and HO2• originate 
from the hydrogen peroxide that is generated through incomplete reduction in the 
ORR [58]. These radical species attack the polymer end groups that are present in the 
membrane yielding release of organic moieties and fluoride in the cathode outlet water 
[59]. Nevertheless, the fluoride emission rate strongly depends on the gas nature and 
decreases with increasing the current density [29]. Thermal degradation occurs when 
the membrane becomes dehydrated due to high-temperature operation, low humidity, 
and other causes, and leads to the loss of proton conductivity [43, 57]. 
4. Degradation of the catalytic layers 
Catalyst layer degradation is one of the most critical reasons leading to the lack of 
stability of the MEAs [60]. In the PEMFC CL, the catalysts can be classified into three 
groups based on catalyst material [61]: Pt catalyst; Pt catalysts alloyed with another 
metals, such as Au, Ag, W, Fe, Cr, Cu, Co, Ru and non-Pt catalysts such as non-noble 
metals and organ metallic complexes. Although a variety of catalysts have been 
investigated so far, Pt/C and Pt-alloyed catalysts are still the most popular catalysts in 
use due to their low over potential and high catalytic activity for the hydrogen oxidation 
reaction (HOR) and the oxygen reduction reaction (ORR) as well as their stability in the 
harsh acidic environment. 
In the literature, the stability and degradation of Pt catalysts, Pt-alloy catalysts and 
non-Pt catalysts on PEMFC catalyst materials has been reviewed by many excellent 
articles [11, 29, 62, 63]. Antolini et al. [63] also gave an useful introduction about the 
stability of Pt alloy catalysts focusing on the first row transition metals. The degradation 
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mechanisms of Pt-based catalysts under harsh operating conditions were reviewed by 
Shao et al. [64]. The authors introduced some approaches to improve catalyst durability 
with alloyed Pt nanoparticles supported on highly graphitized carbons. Zhang et al. [65] 
discussed the degradation of Pt nanoparticles and of the carbon support under different 
accelerated processes in PEMFCs. Schmittinger and Vahidi [55] presented the effects of 
corrosion and contamination of the electrocatalyst in both the anode and cathode sides. 
Rama et al. [66] summarized the catalyst resulted activation losses and classified them 
into effects due to the Pt catalysts, geometric structure of the CLs and carbon support. 
These review articles contributed to the improvement of PEMFC degradation issues. 
However, a sufficient understanding of basic Pt catalysts degradation mechanisms is still 
required. 
IV.Degradation mechanisms of the Pt/C catalysts in PEMFC 
CLs 
The degradations of the PEMFC catalytic layers are usually associated with a loss 
of the electrochemically active surface area of Pt/C (or Pt-M/C, where M is a transition 
metal) electrocatalysts. The physical characterizations performed on aged CLs evidenced 
Pt particle size growth and disappearance of the smallest particles as the two main 
morphological changes. However, the reasons accounting for the increased Pt particle 
size remain highly debated. It is now well-established that four main degradation 
mechanisms are at work: (i) metal nanoparticle aggregation and/or detachment [67-71], 
(ii) corrosion of the high surface area carbon support [38, 54, 67, 72-74], (iii) 3D Ostwald 
ripening, where the smallest Pt crystallites dissolve preferentially, yielding the formation 
of Ptz+ ions and their redeposition onto larger particles [29, 67, 75]; and (iv) chemical 
reduction of the Ptz+ ions in ion conductors, leading electrically disconnected Pt 




Figure I-3. Basic degradation mechanisms of Pt/C catalysts. Adapted from Ref. [75]. 
A.3D Ostwald ripening
3D Ostwald ripening is due to the Pt atoms dissolution from the smallest 
nanoparticles, diffusion of the Ptz+ ions in the electrolyte and redeposition onto larger Pt 
particles. This process is driven by the reduction of the total surface energy of the Pt 
nanoparticles. In acidic solution (e.g., 0.5 M H2SO4 [76] or 0.57 M HClO4 [77]) the 
dissolution rate of a platinum wire electrode increases with increasing potentials from 
0.65 to 1.10 V vs. the standard hydrogen electrode (SHE) and is logarithmically 
dependent on potentials in the 0.85 - 1.1 V region [77]. Above 1.1 V vs. SHE, the 
dissolution rate decreases, which is attributed to the formation of a protective Pt oxide 
film [77]. For Pt/C, the dissolution rate of Pt at 0.9 V vs. SHE is comparable with that of a 
Pt wire electrode, and increases monotonously with increasing potential (0.6–1.2V vs. 
SHE) [64]. Cycling the potential between the oxide formation and reduction regions 
leads to higher dissolution rates than potential holding in the oxide formation region, 
with the latter being three to four orders of magnitude lower than the former [77]. This 
is Ptz+ ions are believe to be released in electrolyte during the negative potential sweep 
[64, 78, 79]. The Ptz+ ions may (i) diffuse and redeposit onto larger Pt crystallites, leading 
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to the growth of the average Pt particle size and particle “necking”; (ii) redeposit onto 
the support carbon to form a new Pt particle; (iii) be reduced in the ionomer to form 
electrically disconnected Pt nanoparticle.  
B. Corrosion of the carbon support 
The most used support material for Pt-based electrocatalysts in PEM fuel cells is 
high surface area carbon. However, carbon materials are thermodynamically unstable in 
the PEMFC cathode environment (the thermodynamic potential at standard conditions 
for the carbon corrosion reaction (C+H2O→CO2 +4H+ +4e−) is 0.207 V vs. RHE), [80] 
yielding detachment of the Pt-based nanoparticles [67, 76]. Investigations on the 
dependence on the potential of the anodic oxidation of carbon electrodes using 
differential electrochemical mass spectroscopy (DEMS) showed that pure carbon was 
oxidized at potentials higher than 0.9 V vs. RHE (with CO2 and, to a lesser extent, CO 
being the main products), and that Pt nanoparticles catalysed the oxidation of a oxygen-
containing carbon surface groups (COsurf) to CO2 at potentials between 0.6 and 0.8 V vs. 
RHE, with the COsurf being formed on the carbon at E > 0.3 V vs. RHE [81]. Stevens et al. 
[48] explored ex situ and in situ fuel cell catalyst degradation test methods as well as the 
impact of catalyst degradation on fuel cell performance. A series of Pt-loaded carbons 
with two different carbon supports were aged ex situ in an isothermal oven and in situ 
using a 1.2 V vs. RHE PEM fuel cell accelerated test. It was also argued that, in the 
presence of water, carbon can also be consumed through the heterogeneous water-gas 
reaction: C + H2O → H2 + CO. Recently, Maillard et al. [54] investigated the role of Pt in 
the corrosion of carbon by Fourier-transformed infrared spectroscopy coupled in 
situ with electrochemical measurements. The authors showed that carbon surface oxide 
species (e.g., phenol, ether, carboxylic and carbonyl groups), formed at low electrode 
potential E < 0.60 V vs. RHE, spill over back from the carbon support to the Pt 
nanoparticles, where they are converted into CO and then slowly oxidized into CO2. At 
higher electrode potential E > 0.60 V vs. RHE, oxygenated species resulting from water 
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splitting on Pt facilitate the removal of these carbon surface oxides species yielding 
increased kinetics for carbon corrosion. Oxygen-containing groups were also detected 
on the carbon surface by other techniques [49, 82, 83]. These oxygen-bearing groups 
are believed to decrease the conductivity of the catalytic layers and weaken the 
interaction between the support and the catalytic metal nanoparticles, which results in 
an accelerated sintering [82, 83]. Many authors agree that the carbon corrosion rate is 
catalysed by Pt, indeed, the higher the Pt loading, the larger the interfacial area 
between the Pt nanoparticles and carbon and the larger fraction of the carbon is in the 
“reactive zone” [48, 54, 72, 84, 85]. Finally, the extent of graphitization of the carbon 
plays an important role on carbon support stability, with more graphitic carbons being 
more thermally and electrochemically stable [86, 87]. This is due to the decreased 
density of defect sites where carbon oxidation initiates.  
C. Migration of Pt nanocrystallites 
Pt crystallites are not immobile on a carbon support but can collide and aggregate 
under PEMFC operating conditions. The movements of Pt crystallites on the carbon 
surface can be described as Brownian motions, which are potential independent. 
This degradation mechanism is influenced by many factors such as: Pt particle size[88], 
Pt loading, [71] flatness of the carbon surface [88] and stability of the carbon support 
[89]. Size-dependent mobility of Pt clusters on a graphitic carbon surface was estimated 
by Chen et al. using molecular dynamics simulations [88]. The mobility is fast (10-11 m2 s-
 1) for Pt clusters with less than 40 atoms but decreases rapidly with a decrease in the Pt 
particle size. The diffusion coefficient of larger clusters has variable size-dependence 
with local minima at cluster sizes of 50 and 300 Pt atoms and a local maximum at cluster 
size of 100 atoms. In addition to the overall size of the Pt clusters or nanoparticles, the 
mismatch between the bottom layer of Pt and graphite also affects the overall Pt–
graphite affinity and hence the Pt cluster mobility. Unlike graphite carbon with a well-
defined planar geometry, common high surface area carbon supports, like Vulcan 72 
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have more complex structures. Generally, in order to obtain homogeneous Pt particle 
dispersion, porous carbons are considered to be better than graphitic carbon. Indeed 
graphite or low surface area carbon supports can limit Pt dispersion and adherence on 
the carbon surface [87]. However, a compromise must be found between porosity 
(stabilization of the Pt nanoparticles) and degree of graphitization (resistance to 
corrosion). Recently, carbon nanotubes and carbon nanofibres were tested as support 
materials for fuel cell catalysts [90-92]. From traditional carbon materials utilized in fuel 
cell electrocatalyst, these materials are distinguished by their high extent of structural 
order. Moreover, their tunable mesoporosity confers them enhanced mass transport 
capabilities [93].  
V. Structural markers of Pt/C degradation 
A. Physical markers 
1. Pt crystallite/particle growth 
The growth of Pt nanocrystallites/nanoparticles is a common evidence of Pt/C 
degradation. Two conventional methods may be used to determine the particle size: X-
ray diffraction (XRD) and transmission electron microscopy (TEM). X-ray diffraction was 
first employed by Wilson et al. to determine the change of the Pt crystallite size during 
long-term PEMFC operation [118]. Later, this method was employed by many groups to 
build the grain size distribution (GSD), and characterize the crystallite growth 
mechanisms in various fuel cell operating environments, including cyclic and transient 
conditions [118-120]. More often, research groups determine the variations of the mean 
particle size established by transmission electron microscopy. Xie et al. [59] performed 
single cell durability testing, and found that the size of the cathodic catalyst grew after 
over 1000 h of testing in drive cycle experiments. When cells were cycled to potential 
range over 1 V, extremely rapid cathode particle growth was observed. Ferreira et al. 
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[76] found that Ostwald ripening dominates the degradation of the cathode catalyst 
layer, and yields larger mean particle size and broader Gaussian size distribution than 
what was expected.  
2. Aggregation of Pt nanoparticles 
During crystallite migration, crystallites collide, form aggregates and eventually 
coalesce to form larger crystallites. Consequently, the fraction of “isolated” particles (i.e. 
spherically-shaped and non-aggregated) decreases at the expense of the fraction of 
aggregated particles. Those changes can be imaged and quantified by a proper analysis 
of representative TEM images. From this analysis, (i) the number and the surface 
averaged mean particle size, (ii) the density of isolated/aggregated nanoparticles, (iii) 
the total particle density defined as the sum of isolated and aggregated nanoparticles 
per µm2 of the carbon support, (iv) the fraction of aggregated particles and (v) the 
percentage of lost isolated particles during the electrochemical treatment, can be 
determined. 
3. Particle detachment 
The detachment of Pt nanoparticles from the carbon surface is also commonly 
observed during PEMFC operation [67] or upon accelerated ageing tests, especially in 
conditions where the carbon supported is strongly corroded [68, 73, 121, 122]. In two 
recent studies, Mayrhofer et al. [68, 121] argued that detachment of Pt nanoparticles 
and crystallite migration/coalescence are the main degradation mechanisms, and that Pt 
dissolution/redeposition plays a minor role in the variations of ECSA losses (liquid 
electrolyte). The authors argued that during potential cycling, a partial oxide layer forms 
between the Pt particles and the carbon support, leading to a gradual reduction in 
adhesion and finally to the complete detachment of particles. However, it is worth 
noting that catalyst degradation was observed only when the sample was cycled 3600 
times to high electrode potentials of 1.4 V vs. RHE (and not with upper limits of 1.05 or 
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1.20 V vs. RHE). Detached Pt particles were visible in identical-location TEM images 
because they lied onto the carbon membrane of conventional TEM grids. 
B. Electrochemical markers of Pt/C degradation 
The surface reactivity of Pt-based catalysts is closely related to their structure (size, 
shape, degree of aggregation), making the adsorption/desorption of H, O and CO 
molecules ideal structural markers to unveil the morphological changes encountered by 
Pt nanoparticles during accelerated ageing tests.  
1. Adsorption/desorption of H/O 
Figure I-4 shows cyclic voltammograms (CVs) of model Pt nanoparticles with various 
mean particle sizes ranging from 1.8 nm to 2.8 nm and aggregated particles supported 
on a glassy carbon (GC) substrate. CVs for Pt nanoparticles can be divided into three 
characteristic potential regions: (i) Hads / Hdes region (0.05 < E <0.40 V vs. RHE), (ii) 
double-layer region (0.40 < E <0.60 V vs. RHE) and (iii) the surface oxide 
formation/reduction region (E > 0.7 V vs. RHE). 
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Figure I-4. CVs of Pt/C catalyst with different mean particles sizes Nd  =1.8 nm (1), 2.4 
nm (2), 2.8 nm (3) and Pt electrodeposited on glassy carbon (4). 0.1M H2SO4; v =0.1 V s-1. 
Figure reprinted from Reference [23].  
 
As previously proposed [123, 124], the peaks located at E =0.13 V vs. RHE are 
attributed to the adsorption/desorption of H on/from Pt(110) sites, and the peaks at E = 
0.22 – 0.28 V vs. RHE on/from Pt(100) and Pt(111) sites. With an increase of the Pt 
particle size, the intensity of the Hads peaks at E = 0.22 and 0.28 V vs. RHE develop, which 
is indicative of the increased contribution of the (100) and (111) facets (terraces) and a 
decrease of the contribution of edge and corner atoms. Furthermore, as the size of Pt 
crystallites is increased, the oxide reduction peak is shifted towards positive electrode 
potential. Here, it is wise noting that the shape of CVs is also influenced by several 
factors such as the nature of the electrolyte (specific adsorption of ions), the sweep rate, 
the temperature and other operation conditions. In spite of these influences, a CV in 
supporting electrolyte remains the most rapid and widely used method to evidence 
morphological changes of Pt nanoparticles. 
2. Electrooxidation of a COads monolayer (CO stripping) 
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CO stripping voltammetry is widely employed to estimate the electrochemically 
active surface area of Pt-based electrocatalysts [125]. Numerous investigations of CO 
oxidation on noble metal surfaces have proven that the reaction follows the Langmuir–
Hinshelwood mechanism at electrode potential E > 0.60 V vs. RHE, both under chemical 
and electrochemical conditions [126]. The reaction scheme for the electrochemical CO 
oxidation is given by the following equations: 
 
H2O+∗⇋ OHads +H++e-                                                                                                        Equation I-2 
COads+ OHads → COOHads                                                                                               Equation I-3 
COOHads→ → CO2+H++e-                  Equation I-4 
 
Figure I-5 shows the first and the second CO stripping voltammograms recorded 
on a Pt surface. The hatched region indicates the charge required to desorb a monolayer 
of hydrogen (QH) or oxidize a monolayer of CO (QCO), respectively. The ECSA can be 
determined by integrating the coulometry required to adsorb/desorb under-potentially 
deposited hydrogen, or electrooxidize a monolayer of carbon monoxide: 
  
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐻𝐻  =  𝑄𝑄𝐻𝐻0.21                                                     Equation I-5 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐  =  𝑄𝑄𝑐𝑐𝑐𝑐0.42                                                    Equation I-6 
 
Where QH and QCO are the charge required to desorb a monolayer of under-
potentially deposited hydrogen or electrooxidize a monolayer of CO, respectively and 
the values of 0.21 and 0.42 (mC cm-2) represent the charge density associated with a 
one/two electron process, respectively [126]. 
 
Furthermore, “CO stripping” is also used as a simple but direct method to probe in situ 
the agglomeration of carbon-supported Pt particles during accelerated ageing tests or 
PEMFC operation. Indeed, COads monolayer electrooxidation is a nanostructure sensitive 
reaction, which features a CO electrooxidation pre-peak in the presence of Pt 
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nanoparticles featuring surface defects, such as Pt aggregates [127, 128]. The position of 
this pre-peak is shifted ca. 50 mV towards more negative potential with respect to the 
position of the main CO electrooxidation peak (corresponding to COads electrooxidation 
on “isolated” Pt/C particles). Additionally, the position of the main COads stripping peak 
strongly depends on the mean particle size and shifts toward more negative potential 
when increasing the Pt particle size [126, 128, 129]. Maillard et al. first reported the 
effect of the Pt particle sizes on the kinetics of the COads monolayer electrooxidation. 
A pronounced size effect was observed on the reaction kinetics in the particle size range 
from 1 to 4 nm, including positive shift and broadening of the COads stripping peak and 
increase of the tailing current with a decrease of the particle size (see Figure I-6.). Later, 
the shift of the CO electrooxidation peak towards more positive electrode potentials 
with a decrease of the Pt particle size was confirmed by several different groups [130-
134]. 
 
Figure I-5. The first and the second CV scan in CO-free at Pt/GC after CO 
adsorption. The hatched areas show Hupd (QH) and CO stripping (QCO) charges used to 
calculate the electrochemically active surface area. 0.1M HClO4 – v = 0.02 V s−1.  
 
Modelling of chronoamperograms performed by Andreaus et al. [135, 136] 
suggested that COads surface mobility is fast (DCO > 10−14 cm2 s−1) on large Pt particles (d > 
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5 nm), compared to OHads formation and COads + OHads recombination, and does not fix 
the reaction rate. As the particle size decreases (d < 1.8 nm), COads diffusivity drops 
down to ca. 10−16 cm2 s−1, and hence a current decay is observed in COads stripping 
voltammograms and chronoamperograms. 
 
Figure I-6. Background-subtracted COads stripping voltammograms in 0.1M H2SO4 
at the sweep rate of 0.1 V s−1 for model Pt/GC electrodes with Pt mean particle sizes Nd  
1.8 (1), 2.8 (2), 3.2 nm (3), polycrystalline Pt foil (4), Pt electrodeposited on GC 
comprising multi-grained Pt with the grain size of ca. 5 nm (5). Curve (6) corresponds to 
Pt/GC sample containing single-grained Pt particles with the average size 3.2 nm along 
with multi-grained Pt structures. Replotted from Ref. [23] with permission of the author.  
VI.Conclusions 
In this chapter, we underlined the importance to develop an hydrogen economy in 
which low temperature PEM fuel cells provide the final step. Their working principle, 
their main components as well as the major research hurdles that prevent wide 
commercialization (cost of materials, lifetime) were surveyed. We also defined physical 
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and electrochemical structural markers to monitor the changes in morphology of Pt/C 
nanoparticles observed during PEMFC operation or accelerated aging tests. Finally, 
despite large research efforts achieved during the last decade, the degradation 
mechanisms of PEM fuel cell materials require additional research and understanding. 
In particular, some questions remain unanswered and will be the focus of this PhD: 
 
1. Can we separate the contribution of the main degradation mechanisms of Pt/C 
nanoparticles (crystallite migration/aggregation, Ostwald ripening, carbon corrosion) in 
a model catalytic layer?  
2. In specific operating conditions (temperature, potential range, relative 
humidity), is there an influence of the gas atmosphere on the Pt/C degradation 
mechanisms? 
3. What is the nature of the interactions existing between the Pt nanoparticles and 
the high surface area carbon support? 
4. What is the mechanism of the electrochemical oxidation of conventional carbon 
blacks used to support the Pt nanoparticles? 
5. During PEMFC operation, the density of isolated Pt nanoparticles decreases at 
the expense of aggregated Pt nanoparticles: how does this impacts the kinetics of the 
oxygen reduction reaction? 
6. Considering the above, can we improve the stability of the Pt/C electrocatalysts 
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I. Electrocatalysts 
A. Pt/XC72 nanoparticles (E-TeK, Inc.) 
Three samples based on Pt nanoparticles supported on Vulcan XC72 (a carbon black of 
specific surface area Sc∼ 250 m2 g-1) were used to investigate the migration/detachment 
of Pt crystallites on/from high surface area carbon supports. They were supplied by E-
TeK and have different weight fractions (wt. %) of 20, 30 and 40 %, translating into 
surface-averaged mean particle size of 2.9, 3.4 and 4.7 nm, respectively as well as 
different fraction of isolated/agglomerated particles. Generally speaking, the fraction of 
agglomerated particles increases with an increase of the Pt wt. % in E-TEK 
electrocatalysts, as it will be shown in Chapter III. The catalysts were used as-received 
without any further treatment.  
B. Pt/Sibunit nanoparticles 
Pt nanoparticles supported on Sibunit, a carbon with a specific surface area of 
Sc ∼6 m2 g-1 were prepared by Dr. P. Simonov at the Boreskov Institute of Catalysis in 
Novosibirsk (Siberia). Carbons of Sibunit family are prepared through pyrolysis of natural 
gases on carbon black surfaces followed by an activation to achieve desired values of 
the surface area and pore volume [1, 2]. Pyrolysis leads to formation of dense graphite-
like deposits, and in the course of the activation procedure, the carbon black 
component is removed first. Hence, the pore size distribution in the final Sibunit sample 
roughly reproduces the particle size distribution in the carbon black precursor [1]. Thus, 
varying the type of the gas source, the template (carbon black), and the manner and 
duration of the activation, enables production of meso- or macroporous carbon 
materials with surface areas from 1-50 (non-activated) to 50-500 m2 g-1 (activated) and 
pore volume up to 1 cm3 g-1. The advantage of carbons of the Sibunit family is their 
chemical purity, high electrical conductivity and uniform morphology of primary carbon 
globules (contrary to carbon blacks, in particular Vulcan) [3]. Pt supported on Sibunit 
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electrocatalysts (Pt/Sibunit) were prepared via the polyhydroxo complex route using a 
procedure similar to that described in Ref. [2]. Before their use in electrochemistry, the 
Pt/Sibunit powders were reduced for 2 hours under H2 atmosphere at T = 250 °C. The 
reduced electrocatalysts have different weight fractions of 1.5 and 5 wt. %, translating 
into surface averaged particle size of 1.5 nm and 3.7 nm, respectively.  
C. Pt nanowires supported on Vulcan XC72 (Pt NWs/XC72)  
Pt nanowires (Pt NWs) were prepared by a soft template based phase-transfer 
method [4]. Briefly, 10 mL of a hexachloroplatinic (IV) acid hydrate (H2PtCl6· x H2O, > 
99.9%, Aldrich) solution (20 mM, aqueous) was mixed with 10 mL of chloroform 
containing 40 mM cetyltrimethylammonium bromide (CTAB, Acros) while stirring at 
1000 revolutions per minute (rpm) for 1 h. After quiescence for 3 h, 80 mL of deionised 
water and 10 mL of ice-cold sodium borohydride (300 mM) solution were added drop by 
drop under stirring at 1000 rpm. After that addition, a 30 minute period of time was 
used to ensure that the Pt4+ ions were completely reduced (change of the solution 
colour from orange to dark brown). After filtration, Pt nanowires were washed four 
times with 200 mL boiling methanol and 1000 mL hot deionized water to ensure 
complete removal of the CTAB surfactant. The Pt nanowires were then mixed with 
deionised water and Vulcan XC72 and ultrasonically treated for 30 min to yield Vulcan 
XC-72 supported Pt nanowires (Pt NW/XC72). The resulting Pt NW/XC72 powder was 
dried in an oven at T = 100 °C for 12 h before its use in electrochemistry. 
II. Characterization of the fresh/aged electrocatalysts 
A. Physical techniques  
1. Transmission electron microscopy 
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TEM is a routine technique used to probe the crystalline structure of the Pt 
nanoparticles/nanowires, estimate their size/shape, and determine their extent of 
agglomeration and their defect density. The catalytic materials that can be probed by 
TEM should be electron transparent (normally, a few tens of nanometres in thickness), 
and should not be affected by ultra-high vacuum (implying good contact between the 
metal particles and the carbon support) nor by the electron bombardment (which may 
cause local heating and modification of the surface structure). In this work, the metal 
nanoparticles were examined with a Jeol 2010 TEM operated at 200 kV with a point to 
point resolution of 0.19 nm. The TEM images were used to build the particle size 
distribution of the catalysts before/after the electrochemical treatment. For each 
distribution, at least 400 particles were counted to build the particle size distribution 

















        
Equation II-1 




















         Equation II-2 
Where ni stands for the number of particles having a diameter di). Only “isolated” 
particles (that is non-agglomerated, single grain spherical nanoparticles) were counted 
to build the PSD, meaning that the changes of the PSD reflect the changes in size of the 
isolated Pt particles. From the value of Sd , the specific surface area of the catalytic 





=S         Equation II-3 
Where ρ is the density of the catalytic material and β is the shape factor. The 
shape factor is equal to 6 for (hemi) spherical or (truncated) cuboctahedral particles, 
and is above this value for other shapes. The dispersion of the material (ratio of surface 
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to total number of atoms) varies inversely with the surface averaged mean particle size 




=         Equation II-4 
2. Identical-location TEM (IL-TEM) 
An identical-location TEM method, very similar to that initially developed by 
Mayrhofer et al., [5, 6] was employed to gain more insights into the degradation of Pt/C 
electrocatalysts after various ageing treatments. This technique enabled multiple 
analyses of the same catalyst location during the degradation experiment. It was first 
introduced in our laboratory by Dr. B. Vion-Dury [7]. The IL-TEM experiments were 
processed as follows: (i) a small quantity of Pt/C catalyst (5 µL) was first deposited on 
the top side of a TEM gold grid bearing a lacey carbon membrane. Caution was taken to 
use small Pt/C loading so as to be able to find “isolated” carbon particles in TEM, (ii) 
randomly selected carbon particles were imaged at different scales before the 
electrochemistry experiments (Figure II-1), (iii) the TEM grid was handled carefully with 
tweezers, inserted between two glassy carbon sheets, which were machined for this 
purpose. Both plates were held pressed one upon the other by a clamp, (iv) 
electrochemical experiments were performed using the (glassy carbon plates + gold grid) 
sandwich as a working electrode, (v) the sandwich was then disassembled and the 
previously selected areas were imaged in TEM. All IL-TEM experiments presented in this 
work were performed by Dr. F. Maillard and Dr. L. Dubau. 
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Figure II-1. Schematics of selected zones imaged in the IL-TEM experiments.  
3. X-ray diffraction  
XRD is generally used to estimate the mean crystallite size of single crystalline or 
polycrystalline materials. The average crystallite size XRDd  can be estimated from the 







dXRD                       Equation II-5                                                                                 
Where XRDd  is the crystal dimension normal to the diffracting planes, K is the 
Scherrer constant (K = 0.89), λ is the X-ray wavelength, B2θ the integral breath of the 
diffraction peak in terms of the 2θ angle in radians (the full width at half maximum 
(FWHM) is frequently used), and θ is the angle at the peak maximum. The mean 
crystallite size obtained by XRD cannot be directly compared with particle size obtained 
by other techniques such as transmission electron microscopy or cyclic voltammetry 
without assuming a suitable model for the particle shape. In the case of spherical 
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nanoparticles, an accurate comparison of XRDd should be made with the volume-













       
Equation II-6 
4. Field-emission gun–scanning electron microscopy (FEG —SEM) 
SEM is one of the most versatile instruments available to examine and analyse 
the microstructural characteristics of solid samples [9]. Imaging with SEM consists of 
sweeping a finely focused electron beam over a bulk specimen. The beam energy 
typically varies between 1 and 40 k eV. The interaction of the electrons and the sample 
surface atoms produces different signals including: secondary electrons, back-
scattered electrons and X-ray fluorescence (chemical analysis). Since the electron beam 
is very narrow (focused to a spot about 0.4 nm to 5 nm in diameter), this technique 
allows nanometre resolution. In this work, FEG-SEM images were obtained on a Zeiss 
Ultra 55 microscope designed to maximize the imaging resolution at low beam energies. 
The Ultra 55 is equipped with a SE detector inside the lens (in lens detector) and a BSE 
detector. Both were engineered to image the electrocatalysts at low accelerating 
voltage (less than 20 kV). 
B. Chemical techniques  
1. X-ray Photoelectron Spectroscopy (XPS) 
XPS is a spectroscopic technique that is commonly used to determine the 
elemental composition, the chemical state and the electronic state of the elements 
contained in the near-surface region of a material. XPS spectra are obtained by analysis 
of the kinetic energy and number of electrons escaping from the 1-10 nm of the surface 
region of a sample after irradiating by a X-ray beam. XPS patterns were obtained on a 
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XR3E2 spectrometer (Vacuum Generator) equipped a Mg Kα (1253.6 eV) X-ray source 
powered at 300 W (15 kV – 20 mA). The kinetic energies of photoelectrons were 
measured using a hemispherical electron analyser working in the constant pass energy 
mode (30.0 eV). The background pressure in the analysis chamber was kept below 10-9 - 
10-10 mbar during data acquisition. The XPS data signals were taken in increments of 
0.1 eV with dwelling times of 50 ms. Analyses were carried out at an angle of 90° 
between the sample surface and the analyser. High resolution spectra envelopes were 
obtained by curve fitting of synthetic peak components using the software “Avantage” 
from ThermoSCientific. The raw data were used with no preliminary smoothing. 
Symmetric Gaussian–Lorentzian (90:10) product functions were used to approximate 
the line shapes of the fitting components with Shirley background corrections. The full 
width at half maximum was fixed at 1.7 ± 0.1 eV. Atomic ratios were computed from 
experimental intensity ratios and normalized by atomic sensitivity factors. 
2. Raman spectroscopy 
The Raman Effect was discovered by the Indian physicist Chandrashekhara 
Venkata Raman in 1928. The inelastic scattering of light explains the shift in wavelength 
of a small fraction of radiation scattered by molecules, having different frequency from 
that of the incident beam. This shift in wavelength is due to the chemical structure of 
the molecules responsible for scattering. Molecular vibrations active in Raman 
spectroscopy provide information of the electronic environment symmetry, structure, 
and bonding of the molecules, and thus allow the quantitative and qualitative analysis of 
the individual compounds. Raman spectroscopy was used for examining the extent of 
graphitization of the fresh/aged carbon supports. The Raman spectra were recorded ex 
situ using both a Renishaw RM1000 and a Renishaw In-Via spectrometer. The Raman 
spectra were obtained by excitation with the radiation from an argon laser (λ = 514 nm) 
operated at approximately 5 mW. The detector was a Peltier-cooled charge coupled 
device camera and the spectral resolution was about 1 cm-1. The measurements were 
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performed with a X50 ULWD objective, and a 100 µm confocal aperture for the sample 
illumination and collection of the scattered photons. 
3. In situ Fourier Transform Infrared Spectroscopy (in situ FTIR) 
Fourier transform infrared spectroscopy is a widely used technique. In this study, 
in situ FTIR served to determine the reaction products of the electrochemical carbon 
oxidation [10]. Coupled EC-FTIR experiments were performed in external reflection 
mode with a home-made electrochemical cell and p-polarized light at T = 20 ± 2 °C. A 
CaF2 prism, bevelled at 60°, constituted the bottom of the cell. The spectrometer was a 
Bruker Vertex 80v spectrometer and the detector a liquid N2-cooled mercury-cadmium-
telluride. The spectrometer was kept under vacuum during the experiments. The 
spectral resolution was set to 4 cm-1 and 256 interferograms were co-added and then 
Fourier transformed to obtain a single-beam spectrum (acquisition of one single beam 




R where RE is 
the reflectivity measured at the desired potential and Rref the reflectivity measured at E 
= 0.1 V vs. RHE. 
C. Cyclic voltammetry 
Cyclic voltammetry is the most-popular technique in electrochemistry [11]. In 
linear sweep voltammetry and cyclic voltammetry, a periodic potential change is 
imposed between the working electrode and the counter electrode, and a current is 
measured between the working electrode and the counter-electrode. The potential at 
the working electrode is monitored and controlled very precisely with respect to the 
reference electrode via a potentiostat. The measured current I is the sum of two distinct 
terms: Ifa and IC, where Ifa stands for the faradic current by transfer of electrons during 
the electrochemical reactions taking place at the working electrode (faradic current), 
and IC for the capacitive current, which results from the movement of charged species in 
the electrolyte under polarization conditions. Cyclic voltammetry is the technique of 
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choice to probe surface specific process such as the adsorption / desorption of protons 
(H+) or oxygen (OH / O) in a PEMFC, determine the electrochemically active surface area 
or determine the electrocatalytic activity (per unit surface area of Pt) of different 





 may range between 
millivolts or several volts per second. 
III. Preparation of the samples/solutions 
A. Solutions 
All the glassware used in this work was cleaned by immersion in a H2SO4 : H2O2 
mixture overnight and thoroughly rinsed with MQ-grade water. Solutions were prepared 
from ultrapure water (MQ grade, 18.2 MΩ cm, 1 - 3 ppm TOC) and HClO4 (Suprapur, 
Merck). The electrolyte was a 0.1 M HClO4 solution purged with argon (99.99 %). 
B. Electrochemical cell set-up 
The working electrode was a thin film rotating disk electrode (RDE) composed of 
supported Pt nanoparticles or nanowires deposited on a glassy carbon disk (Sigradur, 
0.196 cm2) and immersed in the electrochemical cell at controlled potential: E = 0.10 V 
vs. the reversible hydrogen electrode (RHE). The counter-electrode was a Pt foil, and the 
reference electrode - a mercury sulphate electrode (MSE) Hg|Hg2SO4, K2SO4 (saturated) 
connected to the cell via a Luggin capillary. 
C. Ink preparation and ageing 
Catalyst inks composed of 5.0 mg of electrocatalyst, 2.4 ml of MQ-grade water 
and 54 µL of 5 wt. % Nafion solution (Electrochem. Inc.) were prepared in glass flasks 
and ultrasonically treated for 30 minutes to obtain homogenous dispersions. The inks 
were used directly after their preparation or stored for different durations. The caps of 
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the glass flasks were permeable to air, which is believed to cause a mixed electrode 
potential located between the two reversible potentials of carbon support corrosion 
(anode) and oxygen reduction on Pt (cathode). The aged catalysts inks were 
characterized by electrochemical, chemical and physical characterizations after constant 
interval durations ranging from 1.5 years to 3.5 years. Prior their use in electrochemical 
experiments, an aliquot of the ink was deposited onto a glassy carbon (or a gold disk in 
EC-FTIR experiments) and sintered for 5 minutes at T = 110 °C to ensure its binding to 
the disk and evaporation of the Nafion solvents. 
IV. Hydrodynamic methods 
A. Study of the oxygen reduction reaction on a rotating disk electrode 
(ORR, RDE) 
Electrochemical measurements were carried out in hydrodynamic conditions on 
porous rotating disk electrodes composed of Pt/C nanoparticles. The total measured 
current, j, measured on the electrode in the presence of O2 at E < 1 V vs. RHE is given by 


























+      Equation II-8 
    
Where jK is the kinetic current density, ILdiff, solution and ILdiff. CL are the O2 diffusion limited 
current density in the liquid electrolyte and in the catalytic layer, respectively. For RDE 
experiments, jLdiff, solution is then expressed from the classical Levich equation [11] [12]:  
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DC Fn  0.62|j| ωυ −= O     Equation II-9 
 
Where n is the number of electrons exchanged during the reaction, F is the Faraday 
constant, 𝐸𝐸O2  is the oxygen solubility (in mol m-3) and DO2 is the oxygen diffusion 
coefficient in the bulk of the electrolyte (in m2 s-1), respectively, 𝜐𝜐 is the kinematic 
viscosity of the electrolyte (in m2 s-1), and ω is the angular rotation velocity (in rad s-1).   
 
After correction of O2 diffusion in solution, the correction of O2 diffusion in the catalytic 
layer can be processed by using the macro-homogeneous (or continuous) model, as 
depicted in: [12] 
jk = (nFDO2CO2 / L) [UL jk,calc]1/2 tanh{[UL jk,calc]1/2}     Equation II-10 
 
where jk (A) is the experimental geometric current given as a function of the electrode 
potential from Equation III-7, jk,calc (A m-2 geometric) is the true kinetic current density 
corrected from the oxygen diffusion in the solution and in the active layer, UL = L / 
(nFDO2C02), and L (m) is the catalytic layer depth. 
B. Study of the oxygen reduction reaction on a rotating ring disk 
electrodes (ORR, RRDE)  
RRDE experiments were performed to determine the number of exchanged 
electrons in the ORR by quantifying the amount of dihydrogen peroxide produced at the 
disc. The ORR takes place on the central disc electrode and the produced H2O2 
molecules are either oxidized or reduced on the concentric ring electrode, depending on 
the potential of this electrode [13]. The disc and ring currents (𝐼𝐼D  and 𝐼𝐼R , respectively) 
are recorded as a function of the disc electrode potential. A glassy carbon disc-bulk 
platinum ring Pine Instrument electrode (AFE6M) was used as a working electrode, and 
the rotation rate was controlled by a Pine Instrument system (MSR Rotators). The 
geometric characteristics of the RRDE allowed calculation of the theoretical collection 
efficiency (disc radius 2.50 mm, ring inner radius 2.76 mm, ring outer radius 3.58 mm). 
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The ring/disc current ratio allowed calculation of the experimental collection efficiency 
value ([Fe(CN)6]4-/[Fe(CN)6]3- was used as a standard redox couple). In this study, the 
real collection efficiency was calculated for each catalyst layer thickness.  
 
𝐼𝐼2𝑒𝑒− = 𝐼𝐼𝑅𝑅/ 𝑁𝑁         Equation II-11 
𝐼𝐼D =  𝐼𝐼2e− +  𝐼𝐼4e−        Equation II-12 
𝐼𝐼D
𝑛𝑛e− =  𝐼𝐼2 e−2 + 𝐼𝐼4 e−4         Equation II-13 
 
Where ID is a disc current, IR is a ring current, and N is the collection efficiency. 
The values of the latter were obtained separately for each sample. The number of 
exchanged electrons is then function of the ring and disk currents with: 
 
𝑛𝑛e− = 4𝐼𝐼D𝐼𝐼D +𝐼𝐼R 𝑁𝑁⁄         Equation II-14 
 
The typical values of 𝑛𝑛𝑒𝑒−  is between 2 and 4 corresponding to two extreme cases, 
a value of 4 means that all the reacting O2 molecules are reduced into water, whereas 
𝑛𝑛𝑒𝑒−= 2 means that the reduction of O2 molecule proceeds only to H2O2, which escapes 
from the catalyst layer without being reduced. In the first case, the hydrogen peroxide 
molar ratio XH2O2 is 0, in the second case XH2O2 = 1. As can be seen, the 𝑛𝑛𝑒𝑒−  value 
measured in this work is close to 4, and the XH2O2 value is below 0.06. This means that 
the reduction of O2 molecules proceeds not directly to H2O but also produces H2O2 
molecules, which can escape from the catalyst layer and be oxidized on the ring or be 
re-adsorbed on a neighbouring catalytic site and be further reduced in the catalytic layer. 
Therefore, the real value of XH2O2 should be larger than that determined by RRDE. 
V. Accelerated aging tests (AATs) 
1. Sequential CO stripping experiments  
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The electrochemical characterization of the Pt/C catalysts was conducted in a 
four-electrode cell thermostated at T = 20 °C. The real surface area of the fresh/aged 
Pt/C electrocatalyst was determined using CO stripping voltammograms at v = 20 mV s-1, 
assuming that the electrooxidation of a CO monolayer requires 420 µC per cm2. The CO 
saturation coverage was established by bubbling CO for 6 minutes and purging with Ar 
for 39 minutes, while keeping the electrode potential at E = 0.1 V vs. RHE. In this work, 
we performed sequential CO stripping measurements to probe the stability of the Pt/C 
catalysts under oxidizing, neutral or reducing atmosphere.  
a) Pseudo CO stripping experiments 
It was of interest to determine whether the morphological changes of the Pt/C 
nanoparticles are caused by the potential program (potential hold at E = 0.1 V vs. RHE, 
i.e. a reducing potential, during 45 minutes) or by the presence of CO in solution. 
For that purpose, a sequence of 8 “pseudo CO stripping” voltammograms (consisting of 
all the steps involved in CO-stripping but using Ar instead of CO) was applied on Pt/C 
40 wt. %, and only two “real” CO stripping characterizations were performed at the 
beginning and at the end of the experiment.  
2. Accelerated aging tests in solution containing oxidizing, reducing or inert 
molecules  
After electrochemical characterization, the porous RDE was emerged at E = 0.1 V 
vs. RHE, transferred into the “durability test cell” and contacted at E = 0.1 V vs. RHE with 
the same supporting electrolyte saturated with H2, CO or methanol. The durability test 
was performed in two parts, the first one consists of 50 potential cycles between 0.05 
and 0.4 or 1.23 V vs. RHE at v = 0.20 V s-1. The electrode was then emerged at E = 0.1 V 
vs. RHE, thoroughly rinsed with water and transferred back into the “characterization 
cell”. After electrochemical characterization, the next 750 cycles were conducted 
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This chapter is based on the following article: 
“Evidences of the migration of Pt crystallites on high surface area carbon 
supports in the presence of reducing molecules” by Z. Zhao, L. Dubau, F. Maillard, J. 
Power Sources, 217 (2012) 449-458. 
The contribution of the author of the present thesis includes: the entirety of the 
experimental part (preparation and measurements of the properties of the catalytic 
layers), treatment and analysis of the experimental data and participation in preparation 







Chapter III - Migration of Pt crystallites on HS AC supports in the presence of reducing molecules 
I. Introduction 
Conventional catalytic layers of proton-exchange membrane fuel cells (PEMFC) 
utilise Pt-based catalysts supported on a porous carbon support such as carbon blacks. 
Carbon blacks possess large surface area, high electron conductance, chemical inertness, 
adequate porosity and low cost, which make them attractive for this application [1, 2]. 
Yet, providing long-term stability to the nanometre-sized catalytic materials under 
PEMFC operating conditions has proven challenging. Degradations mechanisms of 
carbon-supported Pt-based nanoparticles include: (i) 3D Ostwald ripening, where the 
smaller crystallites dissolve preferentially, yielding the formation of Ptz+ and My+ ions (M 
being the alloying element) and their redeposition onto larger crystals [3, 4]; (ii) the 
chemical reduction of the Ptz+ ions in ion conductors, yielding formation of electrically 
disconnected Pt crystallites [5]; (iii) the corrosion of the carbon support leading to the 
detachment of the metal nanoparticles [6] and (iv) the migration of the Pt-based 
crystallites [7-10]. The interest reader is referred to Chapter I for more details. 
Although there is a large body of experimental evidences for the first three 
mechanisms, the migration of crystallites has only been seldom explored. There are 
several reasons for this, the most obvious being that crystallite migration, carbon 
corrosion, and Ostwald ripening are occurring simultaneously during the ageing of Pt-
M/C materials [5, 11]. Indeed, the corrosion of the carbon support to gaseous species 
induces the movement of the metal crystallites and their further 
agglomeration/detachment [12]. Similarly, the preferential dissolution of the smallest 
crystallites during Ostwald ripening is likely to influence their mobility on the carbon 
support. Another reason is that crystallite migration, carbon corrosion, and Ostwald 
ripening may produce similar morphological changes such as the 
aggregation/coalescence of the metal nanoparticles [5, 12]. Several studies tried to 
make a distinction between a sintering caused by Ostwald ripening or by crystallite 
migration on the basis of the shape of the particle size distribution (PSD) [13]. However, 
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such analysis is strongly dependent on the quality, the choice and the proper analysis of 
representative transmission electron microscopy images and, practically speaking, 
remains hardly feasible. 
Dealing with crystallite migration also raises the nature of the interactions 
existing between the metal nanoparticles and the underlying carbon support. There is a 
consensus in the scientific community to say that carbon surface oxides (referred to as 
COsurf in the manuscript) play a major role during the synthesis of metal nanoparticles 
[14-23]. Lowde et al. [15] and Prado-Burguette et al. [16] argued that the aqueous metal 
ion species strongly interact with oxygenated groups present on the carbon support 
through electrostatic interactions, and determine the structure and the morphology of 
the final metal phase (e.g. particle size distribution and degree of agglomeration). On 
the contrary, other authors reported a decrease of the metal dispersion in the presence 
of oxygen-bearing surface groups [14, 21]. Now, the persistence of these interactions 
after the reduction of the metallic salt to form a metal nanoparticle remains a still open 
question. There are experimental evidences, from electron-spin resonance, [24] X-ray 
photoelectron spectroscopy [17, 25-29] and infrared spectroscopy studies, [30, 31] that 
metal nanoparticles interact with the carbon support via the oxygen atoms of the COsurf 
groups. This interaction not only influences the catalytic activity of PEMFC reactions [2] 
but also the resistance to sintering of the metal particles in both the gas [19, 32] and the 
liquid phase [33]. On the other hand, COsurf groups are easily generated on high surface 
area carbon supports in PEMFC operating conditions (low pH < 1, high temperature > 
70 °C, positive electrode potentials and oxygen-containing environment at the cathode) 
[34-36]. In an early study, Giordano et al. [37] reported that the presence of COsurf 
groups on the carbon support enhances the carbon corrosion rate, which was 
rationalized by the transfer of oxygenated species from the Pt nanoparticles to the COsurf 
species, to form gaseous products such as CO and CO2 [12, 35, 38-40]. Summing up, 
COsurf groups play a dual role: (i) they behave as anchoring sites for the metal 
nanoparticles; (ii) they are reaction intermediates in the corrosion of the carbon support. 
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However, their interaction with the metal nanoparticles is still not fully understood and 
is the focus of the present study. 
To reach this objective, commercial Pt/Vulcan XC 72 electrocatalysts (denoted 
Pt/C in what follows) were aged in “mild” conditions, for which the corrosion of both the 
Pt nanoparticles and the carbon support cannot be considered dominant. Transmission 
electron microscopy and electrochemical techniques were successfully employed to 
characterize the fresh and the aged catalysts. We show that the migration of Pt 
crystallites is accelerated in the presence of “reducing” molecules such as H2, CO, and 
CH3OH. 
II. Results and discussion 
A. Definition of structural markers of “crystallite migration” 
During PEMFC operation, crystallites may collide, form agglomerates and 
eventually coalesce to form larger crystallites. Consequently, the ratio of the fraction of 
“isolated” particles (e.g. spherically-shaped and non-agglomerated) to the fraction of 
agglomerated particles decreases. Those changes can be imaged in TEM and quantified 
by a proper analysis of representative images as it has been described in Chapter II. 
Moreover, “CO stripping” voltammograms were used as a rapid and facile method to 
detect in situ the agglomeration of the carbon-supported Pt particles. Indeed, it is well-
established that the presence of nanoparticles featuring a high concentration of surface 
defects, such as Pt agglomerates, yields a CO electrooxidation pre-peak, which is shifted 
ca. 50 mV negative versus the CO electrooxidation peak on isolated Pt/C particles [41-
45]. Additionally, the position of the main CO stripping peak strongly depends on the 
mean particle size and shifts toward positive potential with a decrease of the Pt particle 
size (the reader is referred to [41, 42, 46] for more details). 
The relevance of the chosen structural markers is demonstrated in Figure III-1, 
showing background subtracted CO stripping voltammograms on Pt/C catalysts with 
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different Pt wt. %, and the associated particle size distributions. As the Pt wt. % 
increases, the charge under the pre-peak develops, reflecting an increased fraction of 
agglomerated Pt nanoparticles in the sample. The later agrees with what was observed 
in TEM images (Table III-1). The increased agglomeration degree can be accounted for 
by considering that, as the metal loading increases, the carbon support cannot 
accommodate the Pt nanoparticles, and their agglomeration becomes more facile. This 
agrees with theoretical calculations of Ruckenstein et al. [10]. 
 
Figure III-1. Averaged background-subtracted CO stripping voltammograms and 
particle size distributions of the Pt/C electrocatalysts used in this study. The currents are 
normalized to the real surface area estimated from CO stripping coulometry. Each 
voltammogram is the average of three measurements. Electrolyte: 0.1 M HClO4; v = 
0.020 V s-1; T = 20 °C. 
 
At this point of the chapter, we would like to point out that caution should be 
exercised when considering the number of isolated/agglomerated particles listed in 
Table III-1. Indeed, our statistical analysis only considered the number and not the 
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size/shape of the Pt aggregates. Therefore, the relationship with the electrochemical 
measurements remains to a large extent qualitative but is good enough to draw clear 
and concise conclusions on the fraction of aggregated particles present in the sample. In 
particular, the above results, as well as those obtained by different research groups [41, 
42, 44-47], demonstrate a strong relationship between the amplitude of the pre-peak at 
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Table III-1. Number and surface averaged mean particle size, density of isolated and agglomerated particles and loss of isolated Pt particles for 
three Pt/C commercial electrocatalysts before/after repetitive CO stripping voltammograms. 
 
20 wt. % Pt/C 30 wt. % Pt/C 40 wt. % Pt/C 
 
Fresh 


















Nd / nm  
2.5 2.5 2.7 2.9 3.5 4.6 3.6 
Sd / nm 
2.9 2.9 3.4 3.4 4.5 5.3 4.5 




8000 8000 5600 7500 
Number of agglomerated particles / µm-2 
carbon 
2500 2500 2800 3000 2600 2200 2200 







Fraction of agglomerated particles / % 6.2 7.2 20.6 27.3 24.5 28.2 22.7 
Loss of isolated particles / % 0 15.8 0 26.0 0 30.0 6.2 
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B. Mobility of Pt crystallites under CO environment 
Figure III-2 shows the effect of repetitive CO stripping voltammograms for the 
different catalysts used in this study. Over the sequence, the CO stripping 
voltammograms feature a decrease in the charge under the main CO electrooxidation 
peak at the expense of the charge contained under the CO electrooxidation pre-peak. 
Considering the above discussion, these results indicate that the Pt nanoparticles are 
mobile on the high surface area carbon support and collide upon agglomeration during 
the CO stripping sequences. The validity of this assumption is confirmed by the analysis 
of representative TEM images, which shows that the number of isolated particles is 
reduced in favour of the number agglomerated and/or non-spherical Pt/C nanoparticles, 
and that this effect strongly depends on the Pt wt. %. 
 
Figure III-2. (A-C) Repetitive background-subtracted CO stripping voltammograms 
on Pt/C electrocatalysts and (D-F) representative TEM images and the size distributions 
of the “isolated” particles after the durability test. The currents are normalized to the 
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real surface area estimated from CO stripping coulometry. Each voltammogram is the 
average of three measurements. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C. 
 
Figure III-3 shows the initial and the final CO stripping voltammograms recorded 
on Pt/C 40 wt. % (A) in the presence and (B) in the absence of CO in solution during a 10 
CO-stripping or pseudo-stripping sequence (see Experimental section, V-1). On the right 
hand side of Figure III-3 are also shown representative TEM images as well as the 
associated particle size distributions.  
 
Figure III-3. Initial and final background-subtracted (A) CO stripping or (B) pseudo 
CO stripping voltammograms recorded on Pt/C 40 wt. %. (C) and (D) show 
representative TEM images of the catalyst and the size distributions of the “isolated” 
particles after each sequence. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C.  
 
It is clear from Figure III-3B that the potential program causes slight 
morphological changes, and is not responsible for the agglomeration of the Pt 
nanoparticles. Indeed, the fraction of isolated and agglomerated particles and the shape 
of the particle size distribution are very similar before and after this sequence (Table III-
84 
Chapter III - Migration of Pt crystallites on HS AC supports in the presence of reducing molecules 
1). At variance, when performed in the presence of CO in solution, the sequence of 10 
CO stripping voltammograms (8 + 2 for characterization) promotes the development of 
the CO electrooxidation pre-peak, associated with the presence of Pt agglomerates in 
the sample. In the presence of CO in solution, TEM images revealed considerable loss of 
“isolated” Pt particles due to the formation of Pt agglomerates. 
C. Effect of H2, CO and CH3OH 
Knowing such information, we now investigate the effect of two other molecules 
(hydrogen and methanol) on the morphology of the Pt/C nanoparticles. Experiments 
were also conducted in the presence of CO in solution during potential cycling (so-called 
“bulk CO” oxidation). Figure III-4 shows the CO stripping voltammograms recorded on 
the fresh Pt/C 40 wt. % before and after 50 or 800 CVs in H2 or in CO-saturated solutions 
or a solution containing 0.5 M methanol. CO stripping and potential cycling were 
conducted in different electrochemical cells, referred to as “characterization cell” and 
“durability test cell” cells. The transfer procedure included electrode emersion at E = 0.1 
V vs. RHE, rinsing in MQ-grade water and transfer to the other cell. The overall 
procedure takes less than 1 minute. For sake of comparison, a “blank” experiment was 
also performed under argon i.e. in the absence of a reducing molecule in solution. Table 
III-2 shows that the “blank” experiment causes minor morphological changes in the 
sample, with a slight decrease of the fraction of isolated particles but no increase of the 
fraction of agglomerated particles. The rationale for such observation is believed to be 
the detachment of some Pt nanoparticles from the carbon support during potential 
cycling sequences as it has already been observed during accelerated durability tests 
[50]. Furthermore, the particle size distribution suffered slight changes, which confirms 
that the observed morphological changes shall be ascribed only to the migration of Pt 
crystallites (see the particle size distributions in Figure III-4). In CO stripping 
voltammograms, a slight decrease of the charge under the main CO electrooxidation 
peak is observed at the benefit of the pre-peak.  
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Figure III-4. Background-subtracted CO stripping voltammograms on Pt/C 40 wt. % 
before/after 50 cycles or 800 cycles between 0.05 and 1.23 V vs. RHE in solutions 
containing hydrogen, carbon monoxide or methanol. The insets show representative 
TEM images of the catalyst after 50 or 800 CVs. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; 
T = 20 °C. 
 
At variance, the morphological changes are considerable when H2, CO or 
methanol is present in solution during potential cycling. In this case, the charge under 
the CO electrooxidation pre-peak continuously increases at the expense of the main 
peak. Representative TEM images of the aged Pt/C catalysts shown in Figure III-4 feature 
the formation of localized areas of very high Pt loading on Vulcan XC72, while other 
zones of the carbon support are almost depleted in Pt. The analysis of these images 
confirms that the fraction of agglomerated particles greatly increases during potential 
cycling in the presence of H2, CO or methanol (Table III-2 and Figure III-5). The migration 
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rate of Pt crystallites is the largest in CO-containing solution and decreases in the order 
CO > CH3OH > H2 (Table III-2). To the best of our knowledge, this is the first evidence of 
Pt crystallite migration in liquid electrolyte in the absence of other coarsening 
mechanisms such as Ostwald ripening or carbon corrosion. 
 
Figure III-5. Particle size distribution of Pt/C catalysts after 50 cycles (left) and 
800 cycles (right) between 0.05 and 1.23 V vs. RHE in electrolyte containing hydrogen, 
carbon monoxide, methanol or argon. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C. 
 
We now discuss “bulk CO” experiments where CO is continuously present in 
solution. In this case, the analysis of representative TEM images shows that the 
presence of CO in solution accelerates the formation of Pt agglomerates. The CO 
stripping voltammograms feature: (i) a decreased charge under the CO electrooxidation 
pre-peak, and (ii) a shift towards positive electrode potentials of both the onset and the 
position of the main CO electrooxidation peak. These opposite results can be 
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reconciliated by considering that “surface defects”, which are the source of oxygen-
containing species necessary to oxidize CO, are removed by potential cycling in CO-
containing solution [51-53]. Consequently, the Pt/C nanoparticles possess lower 
concentration of surface defects after potential sweeping in CO-containing solution, and 
hence decreased reactivity for the COads stripping reaction, which explains the shift 
towards more positive potential of the COads electrooxidation pre-peak and the 
decreased charge under this peak.  
 
Figure III-6. The fraction of isolated and agglomerated particles before/after 
potential cycling in solutions containing argon, hydrogen, carbon monoxide or methanol. 
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Table III-2. Number and surface averaged mean particle size, density of isolated and agglomerated particles and loss of isolated Pt 
particles for a Pt/C 40 wt. % commercial electrocatalyst before/after potential cycling in various conditions. HPL stands for high 
upper potential limit (0.05 < E < 1.23 V vs. RHE). 





50 CVs  - HPL 
HOR 
50 CVs  - 
HPL 
MOR 
50 CVs  - 
HPL 
COOR 




800 CVs  - HPL 
HOR 
800 CVs  
- HPL 
MOR 
800 CVs  - 
HPL 
COOR 




CVs  - 
HPL 
Nd / nm 
3.5 4.0 3.5 4.5 3.7 4.6 4.4 5.1 5.0 3.3 
Sd / nm 
4.5 5.0 4.5 5.4 3.4 6.0 5.7 7.1 5.7 4.3 
Number of isolated particles / µm-2 
carbon 
8000 7600 7600 6200 3400 6500 6100 2700 2400 7500 
Number of agglomerated particles / 
µm-2 carbon 
2600 2500 2500 2600 1700 2400 2400 1800 1400 2400 
Total number of particles / µm-2 
carbon 
10600 10100 10100 8800 5100 8900 8500 4500 3800 9900 
Loss of isolated particles / % 0 5.0 5.0 22.5 57.5 18.7 23.7 66.2 70.0 6.3 
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Estimating the relative contribution of the Pt crystallite migration to the overall 
Pt surface area loss with respect to other degradation mechanisms is interesting. In our 
measurements, care was taken to avoid experimental conditions favouring Ostwald 
ripening and carbon corrosion. Consequently, the Pt surface area losses are 
systematically comprised between 0 and 8 %, and are consistent with the evoked 
migration of Pt crystallites. These percentages are also consistent with high resolution 
TEM (HRTEM) images showing that Pt crystallites retain their individual crystallographic 
characteristics in Pt agglomerates. Occasionally, sintered single grain coalesced Pt 
particles were also observed. Here, it is worth mentioning that the distinction between 
sintered and aggregated particles is hardly feasible with electron-diffraction spectra.  
It is also worth noting that the formation of localized areas with high Pt loading, 
such as those imaged in this study, may influence other PEMFC catalysts degradation 
mechanisms. Indeed, the corrosion rate of the HSAC support is accelerated and 
proceeds heterogeneously in the presence of high Pt wt. %: highly loaded zones of the 
carbon support suffer more severe corrosion than the neighbouring “Pt-depleted” zones 
[8, 37]. On the contrary, we point out that the agglomeration of Pt nanoparticles may 
influence positively the rate of 3D Ostwald ripening. Indeed, according to the Gibbs-
Thompson relation, the increase in the mean Pt particle size resulting from the 
agglomeration of Pt crystallites will cause an increase in their chemical potential, and 
translate into lower Pt corrosion kinetics [9]. 
D. Effect of the upper potential sweeping conditions 
We now investigate the effect of the upper potential limit on the migration of 
the Pt crystallites. Additional experiments were performed with an upper potential limit 
E = 0.40 V vs. RHE so as to avoid the exposure of the Pt/C catalysts to the potential 
region where surface hydroxides form (E > 0.60 V vs. RHE, see Ref. [54]). Figure III-7 and 
Table III-3 show that the Pt crystallites remain mobile regardless of the upper potential 
limit. However, slights changes of the PSD are observed, which confirms that Pt 
crystallite migration is the only coarsening mechanism at work. Interestingly, a 
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comparison between Table III-2 and Table III-3 shows that the morphological changes of 
the fresh Pt/C catalyst, although unequivocal, are minored with the decrease of the 
upper potential limit. 
 
 
Figure III-7. (A-D) Background-subtracted CO stripping voltammograms and (E-H) 
particle size distribution of Pt/C catalysts before/after 800 cycles between 0.05 and 0.40 
V vs. RHE in hydrogen, carbon monoxide or methanol-containing solution. The insets 
show representative TEM images of the Pt/C catalysts and the size distributions of the 
“isolated” particles after the 800 cycles. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 
20 °C. 
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Table III-3. Number and surface averaged mean particle size, density of isolated and agglomerated particles and loss of isolated Pt 
particles for a Pt/C 40 wt. % commercial electrocatalyst before/after potential cycling in various conditions. LPL stands for low potential limits 
(0.05 < E < 0.40 V vs. RHE). 
 
Pt/C 40 wt. % E-TeK 
 
Supporting electrolyte  
800 CVs - LPL 
HOR 
800 CVs - LPL 
MOR 
800 CVs - LPL 
COOR 
800 CVs -  
LPL 
Nd / nm  3.8 3.6 5.1 3.5 
Sd / nm 
5.0 5.2 7.1 4.7 
Number of isolated particles / µm-2 carbon 6500 6400 4800 5400 
Number of agglomerated particles / µm-2 carbon 2400 2500 2500 2300 
Total number of particles / µm-2 carbon 8900 8900 7300 7700 
Loss of isolated particles / % 27.0 28.0 34.2 29.9 
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E. Identical-location TEM (IL-TEM) experiments  
IL-TEM experiments were also performed to confirm the increased rate of Pt 
crystallite agglomeration in the presence of reducing molecules. Similarly to what was done 
before, 800 potential cycles were performed in two different potential ranges ranging from 
0.05 to 0.50 V vs. RHE (see Figure III-8) or from 0.05 to 1.23 V vs. RHE (see Figure III-9). Minor 
morphological changes were observed under Ar atmosphere and “low potential limit” 
conditions, except the detachment of Pt nanoparticles already reported in the literature [5, 
48-53]. Under O2 atmosphere, the detachment of particles is more pronounced, which we 
believed is induced by carbon corrosion. Indeed, at low electrode potential, the oxygen 
reduction reaction yields formation of hydroperoxyl (HOO•), and hydroxyl (HO•) species [54]. 
Those radical species possess a standard potential of 2.80 V vs. RHE at T = 25°C, [55] and are 
extremely aggressive towards the HSAC leading to Pt nanoparticle detachment. Visual 
evidences of carbon corrosion are also visible in the TEM images. Under CO atmosphere, the 
scenario is completely different as expected from the CO stripping measurements presented 
in the previous section. In this case, crystallite migration is the major degradation 
mechanism but no sign of coalescence of the Pt nanocrystallites is observed.  
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Figure III-8. IL-TEM images of Pt/C catalysts before and after 800 potential cycles 
between 0.05 and 0.50 V vs. RHE in 0.1 M HClO4 containing Ar, CO or O2. The white squares 
emphasize crystallite migration and further aggregation, the blue squares point particle 
detachment and the red lines underline zones where the carbon support was corroded. 
Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C.  
 
The approach was extended to explore a larger potential window i.e. from 0.05 to 
1.23 V vs. RHE. Representative IL-TEM images of Pt/C catalyst before and after accelerated 
aging test are shown in Figure III-9. They provide strong evidences that 3D Ostwald ripening 
is now overlapping with the three degradation mechanisms described above (Pt nanoparticle 
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detachment, Pt crystallite migration/aggregation and carbon corrosion). Indeed, the Pt/C 
catalysts after the aging procedure feature present features typical of 3D electrochemical 
Ostwald ripening such as (i) an increase of the mean Pt particle size, (ii) a decrease of the 
density of isolated particles at the expense of the agglomerated particles. Some particle 
necking caused by the redeposition of Ptz+ ionic species is also observed. Here again, the gas 
atmosphere plays a key role: Ostwald ripening is predominant and more consequent under 
Ar atmosphere and its importance decreases in the presence of CO or O2. This interesting 
phenomenon remains currently unexplained, and will be the subject of future work [53, 56].  
 
Figure III-9. IL-TEM images of Pt/C catalysts before and after 800 potential cycles 
between 0.05 and 1.23 V vs. RHE in 0.1 M HClO4 containing Ar, CO or O2. Electrolyte: 0.1 M 
HClO4; v = 0.020 V s-1; T = 20 °C.  
F. On the origin of Pt crystallite migration 
We now discuss the origin of the increased mobility of Pt nanoparticles in the 
presence of H2, CH3OH and CO. We believe that the observed changes can be rationalized in 
the frame of (i) the changes in the work of adhesion upon chemisorption and (ii) the 
reduction of the oxygen-bearing surface groups by H2, CH3OH and CO. 
1. Changes in the work of adhesion upon chemisorption 
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The strength of interaction between a metal nanoparticle and the underlying HSAC is 
commonly described by the adhesion work (Wa) [57]: 
 
msmsgmgsa AW //// )( σσσ −+=                                                         Equation III-1
    
Where gs /σ , gm /σ and ms /σ are the surface tensions between the support–gas, the 
metal–gas and the support–metal interface and As/m is the particle-support contact area. 
This equation nicely shows that any change of the surface tension of both the metal (such as 
that arising from chemisorption on the metal surface) and the support strongly impacts the 
metal–support bonding. Consequently, based on simple thermodynamic considerations, the 
stability towards sintering must increase in the inverse order of increasing the adsorption 
heat of adsorbates (decreased metal–gas surface tension ∼ decreased work of adhesion ∼ 
higher mobility of the Pt nanocrystallites). 
 
Table III -4. Heats of adsorption of various adsorbates on a Pt(111) surface. 
Adsorbate Surface Heat of adsorption / 
kcal mol-1 
Reference 
O2 Pt(111) - 48.0 [58] 
CO Pt(111) -29.2 [58] 
H2 Pt(111) -22.9 [58] 
CH3OH Pt(111) -8.0 [59] 
 
Table III-4 shows the heats of adsorption of CH3OH, H2, CO and O2 measured at about 
10% of a monolayer on Pt(111), i.e. at sufficiently low coverage such that adsorbate–
adsorbate interactions are negligible. The phenomenon of adsorption is exothermic i.e. the 
heats of adsorption are negative. It is interesting to note that on Pt(111), both CO and 
hydrogen have substantial chemisorption heats in the range of -29 and -23 kcal mole-1, 
respectively [60, 61]. Consequently, chemisorbed methanol is energetically unstable with 
respect to adsorbed CO and hydrogen on a Pt surface and easily dissociates to form these 
molecules [59]. On the basis of the previous equation, it may also be inferred that the 
stability towards sintering should decrease as H2 < CH3OH < CO < O2, in good agreement with 
the above-mentioned results. 
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It is also well documented both in gas-phase and liquid catalysis (see Ref. [62, 63]) 
that the adsorption of molecules may cause a pronounced change of the Pt nanoparticles 
shape. Adsorption is expected to favour nanoparticles shapes maximizing the enthalpy of 
adsorption. In a recent study, Cabié et al. [62] observed preferentially-oriented Pt 
nanoparticles with large facets by environmental TEM. While the latter are close to their 
equilibrium shape under H2 (pressure equivalent to a few millibars), the area of the (001) 
facets strongly increases upon the adsorption of O2, and drives the reconstruction of the Pt 
nanoparticles into a square shape. In electrocatalysis, X-ray absorption spectroscopy results 
of Mukerjee and Mac Breen [64] showed that carbon-supported Pt nanoparticles are close 
to their equilibrium shape at electrode potential close to 0 V vs. RHE (i.e. in the presence of 
adsorbed H atoms) and turn from a cubooctahedral to a plane raft-like particle shape at E > 
0.54 V vs. RHE (i.e.. in the presence of adsorbed O atoms). Such morphological changes were 
also confirmed in the recent in situ study of Kikuchi et al. with atomic force microscopy [65]. 
Therefore, the enhanced rate of Pt crystallite migration may also be accounted for by the 
continuous chemisorption/desorption of reducing molecules on the Pt surface. The 
alternation between oxidizing (E > 0.60 V vs. RHE) and reducing potentials (E < 0.60 V vs. RHE) 
during potential sweeping causes perpetual changes in the equilibrium shape of the Pt 
nanoparticles and hence may accelerate their mobility on the HSAC.  
2. Trapping of Pt nanoparticles at defects of the graphitic crystallites 
We now discuss the nature of the sites of the carbon support, where Pt nanoparticles 
are sitting on the HSAC support. During the migration phenomenon, the Pt crystallites are 
believed to move from a carbon site of lowest energy to another equivalent site without 
very much expenditure of energy and without any memory of their motions. Though the 
detailed mechanisms are not known, the process requires considerable activation energy, 
and hence is believed to be negligible at the temperature of this study (T = 20°C). In an early 
study, Bett et al. [10] suggested that the edges of the graphitic basal planes may possibly be 
the sites at which Pt nanoparticles are trapped. Since the density of the “trap” sites is limited, 
it is understandable that excessive loading by Pt nanoparticles results in a large fraction of 
“unstable” Pt nanoparticles (that is “in insufficient interaction with the carbon support”) and 
in a closer distance between the Pt nanoparticles. Such scenario accounts for the 
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dependence of the rate of Pt crystallite migration on the Pt wt. % observed in Figure III-2 but 
cannot rationalize the influence of reducing molecules on the process. 
3. Reduction of oxygen-containing carbon surface groups 
As mentioned in the Introduction, a large variety of COsurf groups exists on high 
surface area carbon supports but the nature of their interactions with the metal phase 
remains unclear. Based on X-ray absorption spectroscopy, and attenuated total reflection 
infrared spectroscopy results, Hull et al. [29] argued that Pt nanoparticles interact with 
carbon nanotubes via ester and carboxyl oxygen atoms. Strong interactions between the 
metal phase and the oxygen-bearing surface groups find also support in the work of 
Antonucci et al. [17]. The authors reported an increase in the Pt4f binding energy with the 
increase of the concentration of acidic carbon surface oxides. Therefore, it is not surprising 
that the presence of reducing molecules in solution enhances the rate of Pt crystallite 
migration. Indeed, these molecules all possess a standard potential close to 0 V vs. SHE: (i) 
H2 ( 0 / 2HHE + = 0.00 V vs. SHE), (ii) CH3OH (
°
OHCHCOE 32 / = 0.04 V vs. SHE) and (iii) CO (
°
COCOE /2 = - 
0.10 V vs. SHE)), i.e. possess great ability to reduce the carbon surface oxides ( ° CCOE / = 0.52 V 
vs. SHE) [66]. The reduction of the oxygen-bearing groups present on the surface of the 
Vulcan XC72 support “heals” the interaction with the Pt nanoparticles, and hence facilitates 
their mobility and further collision. Keeping the same idea in mind, it is striking to note that 
the rate at which Pt crystallites are lost is the fastest (see Table III-2) when CO is present in 
solution, that for the most negative value of the Gibbs energy of the reaction G∆ . The 
reduction of oxygen-bearing groups of the carbon support by H2, CO or CH3OH finds also 
support in the literature. Indeed, in a temperature-programmed reduction and temperature-
programmed desorption study, Roman-Martinez et al. [67] evidenced that H2 assists the 
desorption and the reduction of carboxylic acid anhydride and quinone containing groups 
present on a HSAC into water. Obviously, the experimental conditions are largely different in 
the study of Roman-Martinez (gas phase, elevated temperatures) and in our study (liquid 
electrolyte, strong electric field, low temperatures) but a closer look to background-
subtracted CO stripping voltammograms in Figure III-10 shows that the same phenomena 
may occur under polarization. Indeed, a negative current is observed in the background-
subtracted CO stripping voltammogram at around 0.60 < E < 0.70 V vs. RHE, which is a 
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potential zone where electrons are transferred on quinone/hydroquinone groups [1] or 
pyrone-like structures (combination of non-neighbouring carbonyl and ether oxygen atoms 
at the edge of the graphene layers) [57]. 
 
Figure III-10. Background-subtracted CO stripping voltammograms performed on 
different Pt/C electrocatalysts. The negative current in the potential region 0.60 < E < 0.70 V 
vs. suggests that COsurf groups were at least partially reduced during the adsorption of CO at 
E = 0.1V vs. RHE. Each voltammogram is the average of three measurements. Electrolyte: 0.1 
M HClO4; v = 0.020 V s-1; T = 20 °C. 
 
Figure III-10 strongly suggests that extended polarization of the electrode in the 
presence of CO in solution reduces part of the COsurf groups. Consequently, an increased 
oxidation current is observed on the first positive-going potential scan, and results in the 
negative current in the background-subtracted CO stripping voltammograms. Keeping this 
idea in mind, we also performed potential cycling in O2-containing solution, all other 
experimental conditions being kept identical as in Figure III-4.  
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Figure III-11. Background-subtracted CO stripping voltammograms recorded on Pt/C 
40 wt. % before/after 50 and 800 cycles between 0.05 and 1.23 V vs. RHE in oxygen-
saturated solution. The inset shows a representative TEM image of the Pt/C catalyst after 
the 800 potential cycles. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C. 
 
Figure III-11 shows that the shape of the CO stripping voltammograms remains 
largely unchanged during the durability test, which confirms that the migration of the Pt 
crystallites is restricted in oxidizing conditions (promoting the persistence of COsurf groups on 
the carbon surface). Also, the analysis of TEM images confirmed that the sintering of the Pt 
nanoparticles was kept to a low extent (Table III-2). Here again, the parallel with gas-phase 
catalysis is striking. Indeed, Sellin et al. [68] exposed Vulcan XC 72-supported Pt 
nanoparticles to heat-treatment at T = 573 K under oxidizing, inert, and reducing 
atmospheres. They reported the agglomeration of the Pt crystallites and an increase of the 
mean crystallite size under 3% H2/He, whereas little structural changes were detected under 
air. 
III. Conclusions 
The results presented in this chapter evidenced that Pt crystallites are not immobile 
on a HSAC support but can collide, agglomerate and even coalesce under potential cycling 
conditions. Although bearing minor importance in terms of Pt surface area losses, this 
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phenomenon may influence or even accelerate the rate of other degradation mechanisms, 
such as the electrochemical corrosion of the carbon support and the 3D Ostwald ripening. 
The migration rate of the Pt crystallites is the largest in CO-containing solution and decreases 
in the order CO > CH3OH > H2. We postulate that the morphological changes of the Pt/C 
nanoparticles may be caused by (i) a change of the work of adhesion between the metal 
nanoparticles and the carbon support or (ii) to the reduction of the oxygen-bearing surface 
groups strongly interacting with the Pt nanocrystallites. 
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This chapter is based on the following article: 
“Carbon Corrosion and Platinum Nanoparticles Ripening under Open Circuit 
Potential Conditions” by Z. Zhao, L. Castanheira, L. Dubau, G. Berthomé, A. Crisci, F. Maillard, 
submitted to J. Power Sources. 
The contribution of the author of the present thesis includes the preparation and the 
measurement of the properties of the catalytic systems, the treatment and analysis of the 
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I. Introduction 
Proton-exchange membrane fuel cells (PEMFCs) attract much attention as a 
viable solution to curb our energy-related CO2 emissions [1]. They directly convert the 
chemical energy of a fuel into electrical energy from the reaction with oxygen, without 
the intermediate formation of heat and mechanical energy as in conventional Carnot 
cycle-based engines. PEMFCs use porous electrodes made of ionomer-bonded carbon-
supported Pt-based nanoparticles to accelerate the kinetics of the electrochemical 
hydrogen oxidation reaction (HOR) at the anode, and of the sluggish oxygen-reduction 
reaction (ORR) at the cathode. However, four catalyst degradation mechanisms modify 
their structure during PEMFC operation, and yield electrochemically active surface area 
(ECSA) loss: (i) metal nanoparticle aggregation and/or detachment [2-6], (ii) corrosion of 
the high surface area carbon (HSAC) support [7-10], (iii) 3D Ostwald ripening, where the 
smallest Pt crystallites dissolve preferentially, yielding the formation of Ptz+ ions and 
their redeposition onto larger particles [2, 11-13]; and (iv) chemical reduction of the Ptz+ 
ions in ion conductors, leading electrically disconnected Pt crystallites [2, 11-13].  
Which mechanism is contributing most to the ECSA loss strongly depends on the 
initial size of the Pt-based crystallites, the robustness of the carbon support and the 
PEMFC operating conditions. At the anode (reducing electrode potential & gas 
atmosphere), Ostwald ripening and carbon corrosion play a minor role, but recent 
evidences were brought that Pt nanocrystallites migrate/aggregate over [3] or even 
detach from [5, 14] the carbon support. At the cathode (oxidizing electrode potential 
and gas atmosphere, presence of water), both the carbon support and the Pt-based 
nanoparticles are covered by surface oxides and thus unstable. Ostwald ripening and 
carbon corrosion are believed to be the major degradation mechanisms at this electrode 
[13-16]. The HSAC corrosion kinetics is rather sluggish at conventional PEMFC cathode 
operation potential, but is significantly increased for E > 1 V vs. RHE [9, 10, 17] or during 
electrode potential transients [5, 18]. Unfortunately, the HSAC support and the metal 
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nanoparticles negatively interact with each other to accelerate the extent of ECSA loss. 
A recent study by electrochemical – Fourier transform infrared spectroscopy showed 
that carbon surface oxide species present on HSAC are dehydrogenated at low electrode 
potential E < 0.60 V vs. RHE on Pt/C, yielding the formation of CO/Pt [9]. At higher 
electrode potential E > 0.60 V vs. RHE, the formation of surface oxides on Pt facilitates 
the removal of the CO molecules and accelerates the carbon corrosion kinetics [9, 10, 
19]. It is also worth noting that the corrosion of the carbon support is likely to facilitate 
the detachment/aggregation of the Pt nanoparticles. 
A large part of our knowledge on the durability of PEMFC materials arises from 
accelerated stress tests (ASTs). Such tests combine variations of the electrode potential, 
the temperature, the relative humidity and the gas composition, yielding fast variations 
of the ECSA. Although very informative, they cause the occurrence of simultaneous 
degradation mechanisms (dissolution, redeposition, HSAC support corrosion, particle 
detachment, aggregation), and remain poorly informative from a mechanistic viewpoint. 
In particular, little is known about the effect of high cathode potential experienced by 
the cathodic electrocatalyst in PEMFC stacks during idle conditions (i.e. the time when 
only idle auxiliary load power is drawn from the stack) or open circuit voltage (during 
fuel cell shut-down). These conditions yield cathode potential close to 0.90 or 1.00 V vs. 
RHE, respectively and induce carbon weight losses over time [17, 20].  
In this Chapter, suspensions composed of Pt/Vulcan XC72 powder, solid ionomer 
and water were aged for 3.5 years under air atmosphere. These conditions cause a 
mixed potential produced by simultaneous carbon support corrosion and oxygen 
reduction on Pt, and hence are believe to reproduce to some extent what happens in a 
PEMFC cathode at open-circuit potential (OCP) or under idling conditions. X-ray 
Photoelectron Spectroscopy (XPS), Raman spectroscopy and EC-FTIR measurements 
were used to monitor the structural and chemical changes associated with the carbon 
oxidation reaction (COR), and gain some insights in the reaction mechanism. Physical 
(high-resolution transmission electron microscopy) and electrochemical (cyclic 
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voltammetry) techniques were used to monitor the changes in morphology and size of 
the supported Pt nanoparticles. 
II. Results and discussion 
A. Electrochemical characterization 
Figure IV-1 shows cyclic voltammograms measured on the Pt/C 40 wt. % 
electrocatalyst before and after ageing for 1.5, 2.5 and 3.5 years under open-circuit 
conditions in air atmosphere (see experimental).  
 
Figure IV-1. Cyclic voltammograms measured on Pt/C 40 wt. % after 0, 1.5, 2.5 
and 3.5 years under OCP conditions. The current are normalized to the real surface area 
estimated by COads stripping coulometry. Each voltammogram is the average of three 
measurements. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C. 
 
In the potential region 0.05 < U < 0.4 V vs. RHE, the features associated with the 
under-potential deposition/desorption of protons onto/from Pt nanoparticles remain 
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nearly identical, which suggests that the mean Pt crystallite size does not change during 
the aging test [22]. This result agrees with the minor changes of the surface averaged 
mean particle size determined by TEM (Table 1). In the potential interval 0.5 < U < 0.8 V 
vs. RHE, a broad oxidation peak (I > 0) can be distinguished, which we ascribe to electron 
transfer on quinone/hydroquinone groups [23]: 
 
C=O(s) + H+ + e-  C-OH(s)                                                                                  Equation VI-1 
The electrical charge under this peak is increasing on the aged Pt/C 
electrocatalysts (positive-going potential sweep), pointing towards higher surface 
coverage with hydroquinone groups. Interestingly, the oxidation peak also shifts 
towards more positive potential (ca. 30 mV), and the reduction peak of quinone-type 
groups (E = 0.60 V vs. RHE) progressively disappears on the aged Pt/C samples. Assuming 
no pH variation, the positive shift of the oxidation peak may be rationalized by 
considering that hydroquinone groups experience different chemical environment on 
the fresh/aged Pt/C electrocatalysts. Indeed, previous studies have shown that a 
decrease in the number of aromatic rings causes an increase of the 
quinone/hydroquinone standard potential [23]. In this frame, the observed positive shift 
might sign the decrease in the number of aromatic rings resulting from the corrosion of 
the graphite-like crystallites. Another possibility is that the proportion of electron-
withdrawing groups, such as carboxyl and anhydride, increases during the corrosion of 
the HSAC support. However, both scenarios cannot explain the decreased electrical 
charge under the reduction peak: the latter suggests that hydroquinone groups present 
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Table IV-1. Evolution of the number and surface averaged mean particle size, the density of isolated and agglomerated particles and the 
loss of isolated Pt particles for three Pt/C commercial electrocatalysts during a 3.5 years period at open-circuit potential conditions. 




















/ nm  
2.5 2.6 2.7 2.8 3.5 3.8 3.6 3.6 
d� / nm 2.9 3.1 3.4 3.6 4.5 4.9 4.8 5.1 
Number of isolated particles / µm-2 carbon 38000 33000 10800 8600 8000 6700 4300 2200 
Number of agglomerated particles / µm-2 
carbon 
2500 2600 2800 2500 2600 2100 2200 2500 
Total number of particles / µm-2 carbon 40500 35600 13600 11100 10600 8800 6500 4700 
Fraction of agglomerated particles / % 6.2 7.3 20.6 22.5 24.5 23.9 33.8 53.2 
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B. XPS measurements 
The chemical nature of the surface oxygen-containing groups was investigated by 
XPS. Figure IV-2 shows the C1s XPS spectra measured on the fresh/aged Pt/C 
electrocatalysts. The C1s spectra comprises different peaks at 284.5, 285.6, 287.3 and 
289.4 eV associated with C–C (sp2 and sp3-hybridized carbon atoms), C–O (hydroxyl, 
epoxy and ethers), C=O (carbonyl and/or quinone-like), and O–C=O (carboxylic acid, 
lactone, anhydride) bonds, respectively. Additional peaks at 291.4 and 292.9 eV are 
ascribed to C–F bonds in the Nafion® ionomer used as binder [11]. The lower binding 
energy component is assigned to C–F2 groups while the higher binding energy 
component is ascribed to C–OF2 and/or C-F3 groups [24].  
 
 
Figure IV-2. C1s spectra of fresh/aged Pt/C 40 wt. % powders. 
 
Figure IV-2 illustrates that the most pronounced changes in the C1s spectra are 
observed in the carbon–carbon and carbon–oxygen related peaks. Assuming slight or no 
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degradation of the perfluorosulfonated ionomer in our experimental conditions [11], 
the ratio of the (C–C) / (C–F2 + C–F3) XP areas (hereafter referred as the C/F ratio) allows 
a fast and semi-quantitative monitoring of the carbon content in each sample. Similarly, 
the O/F ratio allows fast comparison of the total oxygen content in each sample. The C/F 
ratio is continuously decreasing, most severely during the first 1.5 years, indicating fast 
corrosion of the Vulcan XC72 support. The O/F ratio is also decreasing between 0 and 
1.5 years, most severely for C-O-containing functional groups (hydroxyl, ether and 
epoxy). These results suggest that the oxygen-containing surface groups present on the 
fresh Vulcan XC 72 are oxidized during the first 1.5 years of ageing at OCP. Finally, the 
slight increase of the O/F ratio observed during the following 2 years is believed to sign 
slow corrosion of the C–C bonds present in graphite crystallites, and will be confirmed 
by FTIR and Raman spectroscopy measurements. 
C. EC-FTIR measurements 
The oxygen-containing functional groups present on the surface of the 
fresh/aged carbon supports were also identified by in situ Fourier-transformed infrared 
spectroscopy measurements. Figure IV-3 shows single-beam spectra measured at E = 
0.80 V vs. RHE on the fresh/aged Pt/C electrocatalysts. The FTIR spectra are normalized 
to a reference spectrum acquired at E = 0.10 V vs. RHE, a procedure that allows (i) 
minoring the deformation induced by the O-H vibrational modes of water molecules and 
(ii) probing the vibrational modes of functional groups formed between 0.1 < U < 0.80 V 
vs. RHE on the HSAC surface. 
Different bands are present in Figure IV-3, and their assignment is summarized in 
Table IV-2. The weak absorbance bands between 1000–1300 cm-1 are assigned to the C-
O stretching (ν(C-O)) in carboxylic, ether-like, alcoholic and/or phenolic groups [9, 25, 
26]. Those bands are very large confirming the complexity of the chemical environment 
(presence of aromatic rings and of various oxygen-containing functional groups). The 
band monitored at ν = 1385–1390 cm-1 on the fresh Pt/C sample is assigned to the C-O-
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H bending in carboxyl groups [9]. In the C=O stretching region (ν(C=O)), between 1600–
1850 cm-1, the band at 1705-1730 cm-1 indicates the presence of carbonyl groups of 
carboxylic acids, or lactone groups [25]. This band is very large and overlaps with the 
stretching of quinone groups at 1650 and 1670 cm-1 [25] and the in-plane bending 
region of water molecules (δ(O-H)) at ν ≈ 1620-1640 cm-1. The stretching of CO 
molecules adsorbed on the Pt surface (ν(C=O)/Pt) is observed at ν ≈ 2000 cm-1, in 
agreement with our previous study [9]. Two bands of weak intensity at ν = 2120 and 
2150 cm-1 reveal the presence of ketenes (C=C=O) on the 3.5 years aged Pt/C 
electrocatalyst [25]. Finally, the asymmetric O=C=O stretching vibration of CO2 is 
observed at ν = 2345 cm-1. 
 
Figure IV-3. FTIR spectra acquired on the fresh/aged Pt/C 40 wt. % 
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Table IV- 2. Proposed functional groups observed on Vulcan XC 72, and their corresponding infrared assignment. 
Wavenumber / cm-1 Bond Mode Functional group 
1115 - 1120 C–O Stretching Carboxylic, ether-like, alcoholic and 
phenolic 
1385 - 1390 C–O–H Bending Carboxylic 
1620 - 1640 O-H in-plane bending Water molecules 
1650 and 1670 C=O Stretching Quinone 
1705 - 1730  C=O Stretching Carbonyl of carboxylic acids, lactone 
2000 - 2030 C=O/Pt Stretching Carbon monoxide adsorbed on Pt 
2120 and 2150  C=C=O Stretching Ketenes 
2345 O=C=O  Stretching Carbon dioxide 
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Two interesting features emerge from the comparison of the FTIR spectra on the 
fresh/aged electrocatalysts. Firstly, the chemical nature of the functional groups present 
on the fresh/aged Pt/C samples is identical (carboxylic, carbonylic, ether, and alcoholic 
groups). Secondly, the quantity of gaseous CO2 produced at E = 0.8 V vs. RHE is maximal 
on the fresh Pt/C and decreases with an increase in the aging time. Since all 
measurements were performed under identical experimental conditions (Pt/C loading 
on the Au electrode, electrolyte, temperature, duration of the potential steps), this 
suggests that the fresh carbon support is more prone to be oxidized into CO2 than the 
aged carbon support. In agreement with his hypothesis, we observed a decreased CO/Pt 
band intensity at E = 0.80 V vs. RHE on the aged Pt/C samples. Finally, we noticed that 
potential stepping from 0.1 to 0.8 V vs. RHE induces hydrophobicity / hydrophilicity of 
the fresh/aged carbon support, respectively. Indeed, the O-H bending vibrations of 
water (ν = 1645 cm-1) point positively on the fresh Pt/C sample, indicating that water 
molecules exit the “thin layer” formed between the electrode and the CaF2 prism when 
stepping from low to high electrode potential. Conversely, water molecules enter the 
thin layer during this sequence on the aged Pt/C samples. In other words, the carbon 
surface is more hydrophilic at E = 0.8 V vs. RHE than at the reference E = 0.1 V vs. RHE 
potential on the aged Pt/C samples. It is also interesting to note that the O-H bending 
vibration of water molecules red-shifts by ca. 15 cm-1 on the aged Pt/C samples, which 
indicates that the structure of the water molecules present in the “thin layer” changes 
from “organized water” (H-bonded) on the fresh Pt/C sample to “free water” on the 
aged Pt/C samples. Such result is believed to be related to variations in the wettability 
properties of the carbon support over time, induced by different oxygen content (see 
section 2.2) and by different fractions of sp2 and sp3 carbon atoms (see Section 2.4) in 
the fresh/aged Pt/C samples. 
D. Raman spectroscopy measurements 
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Raman spectroscopy allows probing the degree of graphitization of the 
fresh/aged Vulcan XC72 carbon particles [6, 27, 28]. The vibrational band present at ca. 
1355 cm-1 in Figure IV-4, namely the D1 band, is attributed to the amorphous or 
disordered structure of carbon (sp3-hybridized carbon atoms), and the G band at ca. 
1595 cm-1 is ascribed to the ordered graphitic domains of the HSAC support (sp2-
hybridized carbon atoms) [29-32]. The slight shoulder at ca. 1615 cm-1 is ascribed to the 
D2 band, and corresponds to a defect structure of graphite [28]. Figure IV-4 presents 
selected Raman spectra measured on the fresh/aged Pt/C catalysts. On the fresh Pt/C, 
both the high intensity of the D bands and the broadness of the G band indicate that the 
carbon support possess a highly disorganized structure that is consistent with the 
turbostratic structure of Vulcan XC72 [23]. After 1.5 years of ageing at OCP, the 
decreased intensity of the D bands suggests preferential oxidation of the defects of the 
Vulcan XC72 support (disordered graphitic lattice, graphene layer edges, surface 
graphene layers). This agrees with the general statement that defect sites are 
preferential sites for the initiation of the carbon oxidation reaction [33]. After 2.5 years 
and 3.5 years of aging at OCP, both the D1 band and the G band broaden, indicating that 
the carbon black support is continuously oxidized during the aging test. The persistence 
of the D1 band strongly suggests that corrosion also proceeds on the graphite 
crystallites, in agreement with the XPS measurements that evidenced slight increase of 
the O/F ratio during this period. These results confirm that the carbon oxidation kinetics 
is fast during the first 1.5 years, most likely on the disordered domains of the Vulcan XC 
72 material, and then slows down because the remaining carbon particles possess a 
more ordered graphitic structure, which is more difficult to oxidize. 
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Figure IV-4. Selected Raman spectra of the fresh Pt/C electrocatalyst and after 
1.5 years, 2.5 years and 3.5 years of ageing under OCP conditions. 
E. Change of the Pt/C structure by electrochemical and electron-based 
techniques 
Finally, we discuss the structural consequences of the carbon corrosion for the 
supported Pt nanoparticles. Electron microscopy images were used to determine (i) the 
number and the surface averaged mean Pt particle size, (ii) the density of 
isolated/aggregated Pt nanoparticles, (iii) the total Pt particle density defined as the sum 
of isolated and aggregated nanoparticles per µm2 of the carbon support, (iv) the fraction 
of aggregated Pt particles and (v) the percentage of isolated Pt particles lost during the 
durability test. In electrochemistry, we made use of the structure sensitivity of the COads 
electrooxidation reaction to detect in situ the aggregation of the carbon-supported Pt 
particles. Indeed, aggregated Pt particles feature a COads electrooxidation pre-peak, 
which is shifted ca. 50 mV negative versus the main COads electrooxidation peak (on 
isolated Pt/C particles) [34-40]. Additionally, the position of the main COads stripping 
peak shifts toward positive potential when decreasing the Pt particle size [34-37].  
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Figure IV-5 shows the background subtracted COads stripping voltammograms 
measured after different life stages: fresh, after 1.5 years, 2.5 years and 3.5 years. Two 
distinct COads electrooxidation peaks can be distinguished on the fresh sample: a broad 
peak initiating at ca. 0.65 V vs. RHE, which is composed of different contributions (at E = 
0.69, 0.72 and 0.75 V vs. RHE), and a main peak at ca. 0.84 - 0.85 V vs. RHE with some 
tail on the right-hand side of the peak. Upon aging, the charge under the COads 
electrooxidation pre-peak increases at the expense of the main peak. Concomitantly, 
the position of the main COads electrooxidation peak remains nearly unchanged (slight 
negative shift of the COads electrooxidation from 0.85 to 0.84 V vs. RHE). These results 
indicate an increased fraction of aggregated Pt nanoparticles in the Pt/C sample and 
minor changes of the mean crystallite size, in agreement with the particle size 
distributions established from TEM images (Figure IV-5, right hand side). They also 
account for the considerable loss of isolated Pt particles presented in Table IV-1 
(formation of Pt aggregates from “isolated” Pt particles that moved and aggregated 
upon corrosion of the carbon support). The density of isolated Pt particles decreases by 
a factor of 4 during the aging sequence, while the fraction of aggregated Pt particles 
remains nearly identical. 
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Figure IV-5. Averaged background subtracted CO stripping voltammograms (left) 
and particle size distributions (right) of fresh and aged Pt/C 40 wt. %. Representative 
TEM images of the aged Pt/C catalysts are shown in the insets. The current are 
normalized to the real surface area estimated by COads stripping coulometry. Each 
voltammogram is the average of three measurements. Electrolyte: 0.1 M HClO4; v = 
0.020 V s-1; T = 20 °C.  
 
Interestingly, this trend is valid whatever the Pt weight fraction (Figure IV-6). 
COads stripping experiments performed on Pt/C 20 wt%, 30 wt. % or 40 wt. % reveal that 
the charge under the COads electrooxidation pre-peak increases at the expense of the 
main peak. Concomitantly, the position of the main peak remains nearly identical. 
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Figure IV-6. Averaged background subtracted CO stripping voltammograms and 
representative TEM pictures of fresh and aged Pt/C catalysts used in study. The current 
are normalized to the real surface area estimated by CO stripping coulometry. Each 
voltammogram is the average of three measurements. Electrolyte: 0.1 M HClO4; v = 
0.020 V s-1; T = 20 °C. 
 
The morphological changes of the Pt nanoparticles were quantified by a proper 
analysis of representative TEM images (Figure IV-7). The fraction of isolated Pt particles 
decreases very fast, this trend being maximal for the catalyst with the highest Pt weight 
fraction (40 wt. %). Since this catalyst possess the lowest inter-particle distance and the 
highest Pt/C coverage (calculated as the ratio between the surface area of Pt particles 
and the surface area of carbon support), the facile aggregation of Pt nanoparticles is not 
surprising. The density of aggregated Pt particles remains nearly constant over time 
(within the incertitude of this method) indicating that isolated and aggregated Pt 
nanoparticles are detached from the carbon support or that the size of the Pt 
aggregates increases over time. 
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Figure IV-7. Normalized density of isolated particles for fresh and aged Pt/C 
catalysts having different weight fractions. 
F. Insights into the carbon corrosion mechanism 
The results obtained in this study bridge structural and chemical changes 
observed during the corrosion of a HSAC support. The decreased C/F and O/F ratios in 
XPS and the large quantity of gaseous CO2 produced at E = 0.80 V vs. RHE on the fresh 
Pt/C sample in EC-FTIR measurements indicate that the oxygen-containing functional 
groups present on the fresh Vulcan XC72 particles are easily oxidized over the first 1.5 
years under OCP conditions in air atmosphere. This nicely agrees with the higher 
corrosion rates observed on pre-oxidized carbon black materials or carbon nanofibres 
[41-43]. Raman measurements (decreased D bands intensity over the first 1.5 years) 
provide evidences that these oxidized domains are associated with disordered domains 
of the carbon support and defects sites of the graphitic lattice. In the second stage of 
the COR, Raman spectroscopy results show that organized domains of the HSAC support 
(graphitic carbon, sp2-hybridized) are also oxidized, the rate of this process being much 
smaller than that observed on the non-graphitic regions of the HSAC support. The 
corrosion of the organized domains of the carbon support produces mostly COsurf groups 
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as indicated by XPS and EC-FTIR measurements, and to a minor extent, CO2 molecules at 
E = 0.80 V vs. RHE. This translates by the persistence of the D1 band in Raman 
measurements. As a consequence of the COR catalysis by Pt, the nanometre-sized Pt 
particles move and detach from the HSAC support, as evidenced by combined electron 
microscopy and electrochemical techniques. 
III. Conclusions 
Due to their turbostratic structure, the high surface area carbon supports used in 
proton-exchange membrane fuel cells possess a large variety of oxygen-containing 
functional groups identified as hydroxyl, ether, carbonyl, and carboxyl groups. Upon 
ageing in air atmosphere under OCP conditions, the disordered domains of a Vulcan 
XC72 support (non-graphitic, sp3-hybridized) are first oxidized. This translates by 
production of gaseous CO2 at PEMFC relevant cell voltage in FTIR measurements (E = 
0.80 V vs. RHE). In the second stage of the corrosion of the Vulcan XC72 support, Raman 
spectroscopy measurements indicate that the ordered domains (graphitic carbon, sp2-
hybridized) are also oxidized, the rate of this process being much smaller than that of 
the non-graphitic regions. The corrosion of the organized domains produces mostly 
COsurf groups, and to a minor extent, CO2 molecules at E = 0.80 V vs. RHE. Electron 
microscopy and electrochemical techniques reveal a continuous loss of nm-sized Pt 
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I. Introduction 
As shown in the previous chapters, three major degradation mechanisms occur 
in PEMFC catalytic layers: (i) metal nanoparticle aggregation and/or detachment [1-5], (ii) 
corrosion of the high surface area carbon support [6-9], and (iii) Ostwald ripening 
(dissolution/redeposition of the Pt crystallites) [10, 11]. The aging of the Pt-based/C 
nanoparticles yields: (i) a decrease of the particle density, (ii) the preferential dissolution 
of the nanoparticles with size smaller than 2 nm, (iii) an increased fraction of aggregated 
Pt nanoparticles. These morphological changes induce larger values of the average 
interparticle distance (IPD), defined as the average distance between two neighbouring 
nanoparticles over time.  
The oxygen reduction reaction, which is the cathodic reaction in the PEMFC, is a 
multi-step reaction for which reaction/re-adsorption/transport effects [12-16] and thus 
the IPD are important. Indeed, the ORR is believed to proceed either directly to H2O in a 
4e− pathway (reaction 1 in Figure V-1) or in a series of two 2e− steps (reactions 2 and 3) 
[17]. H2O2 may be also decomposed on the electrode surface in the non-electrochemical 
step 4 or desorb in solution (reaction 5). 
 
Figure V-1. Pathways of the oxygen reduction reaction on Pt surfaces in acid 
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Consequently, the efficiency of the ORR is directly linked to the IPD: on highly 
loaded Pt/C electrocatalyst (low IPD value), or by extrapolation extended surfaces, the 
probability for H2O2 molecules to re-adsorb and further react on a neighbouring particle 
is high. In this case, the average number of electrons produced during the reduction of a 
dioxygen molecule (ne-) approaches 4. Conversely, high values of the IPD translate into a 
low probability for H2O2 molecules to be further re-adsorbed on the Pt surface and 
hence into decreased values of ne-. Convincing experiments of Chen et al., [12] using the 
“single particle approach”, showed that the amount of H2O2 detected on the Pt 
electrodes strongly increases, while the value of ne- decreases from ca. 4 to 3.5 
electrons under enhanced mass transport conditions. Schneider et al.,[13] using arrays 
of Pt particles deposited onto GC, demonstrated that decreased coverage of the carbon 
surface with Pt yields 10-20-fold increase of the H2O2 yield in the potential interval from 
0.90 to 0.30 V vs. RHE, that is a potential region where the contribution of GC to the 
H2O2 production is negligible. 
On Pt/Vulcan XC72 nanoparticles, Antoine et al. [20] did not observe any 
influence of the Pt loading on the H2O2 production. However, these results should be 
critically reconsidered by noting that H2O2 produced at the Pt surface has to diffuse 
within the porous rotating disk electrode (RDE) to be detected at the ring. As explained 
above, the probability of H2O2 to be detected at the ring strongly depends on the Pt to C 
weight fraction and on the thickness of the Pt/C film deposited onto GC. With thick 
catalytic layer, H2O2 possess high probability to be re-adsorbed and further reduced into 
H2O on neighbouring Pt nanoparticles. Conversely, for thin catalytic layers, the 
probability for H2O2 molecules to escape and be detected at the ring is higher. Ruvinskiy 
et al. [15, 16] combined experimental studies and a finite element modelling to take into 
account the influence of the thickness of the catalyst layer and the carbon surface 
coverage with Pt on the ORR mechanism. The authors convincingly showed that the ORR 
mechanism comprises both the “direct 4e-” and a “series 2e− + 2e-” pathway and 
proposed that (i) the reaction fully proceeds via the H2O2 mediated pathway below 0.80 
V vs. RHE and (ii) H2O2 further reacts via chemical decomposition step rather than direct 
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electrochemical reduction. Summing up, there are numerous evidences in the literature 
that the number of Pt sites present on the electrode may impact the ORR mechanism 
and kinetics. 
In addition to its importance as an ORR intermediate, H2O2 molecules play a key 
role in the durability of PEMFC electrodes. Indeed, the hydroperoxyl (HOO•) and 
hydroxyl (HO•) radical species generated during the ORR are extremely aggressive 
towards the carbon support, and lead to Pt nanoparticle detachment. Therefore, the 
fraction of H2O2 molecules must be kept to a very low content to guarantee a long-term 
use of the Pt/C-based catalytic layers or, in other words, the direct 4e− pathway must be 
privileged. 
This chapter aims at shedding light on the kinetic effect on ORR of decreasing 
coverage of the carbon support with Pt that occurs in the lifetime of a PEMFC. For that 
purpose, we used two model Pt/Sibunit electrocatalysts with low weight fraction (1.5 or 
5 wt. %) and low specific surface area (Sc∼ 6 m2g-1), which were prepared by Dr. P. 
Simonov at the Boreskov Institute of Catalysis in Novosibirsk (Siberia). 
II. Results and discussion 
A. Physical characterization 
Figure V-2 displays TEM pictures of the Pt/Sibunit electrocatalysts as well as the 
values of the mean particle size. Similarly to what was observed for Pt/C E-TeK 
electrocatalysts, the mean Pt nanoparticle size increases with an increase of the metal 
loading. This trend may appear surprising for low-loaded Pt/Sibunit catalysts. However, 
Sibunit-176K carbon possess a much lower specific surface area (SC = 6 m2 g-1) than 
Vulcan XC72 (SC = 254 m2 g-1), which was employed in Chapter III. In terms of 
morphology of the metal nanoparticles, the Pt to C weight fractions of 1.5 and 5 wt. % 
achieved on Sibunit-176K would translate into 40 and 70 wt. % on Vulcan XC72, 
respectively. The low specific surface area of the carbon support mostly suppresses one 
127 
 
Chapter V – Effect of catalyst layer thickness and Pt loading on the ORR activity  
 
mechanism of interaction between the metal phase and the carbon support (mechanical 
trapping of metal nanoparticles at micropore mouth), and facilitate the aggregation of 
the nanometre-sized electrocatalyst.  
 
 
Figure V-2. Representative TEM images and associated particle size distributions 
for Pt/Sibunit 5 wt. % (a) and Pt/Sibunit 1.5 wt. % (b). To establish the particle size 
distribution, only the isolated round-shaped Pt nanoparticles were considered. 
 
The closest distance between two metal nanoparticles (CPD) is a relevant 
parameter to quantify the extent of reaction/transport/re-adsorption effects mentioned 










( 3πρ               Equation V-1 
 
Here IPD is the interparticle distance, ρ is the density of Pt (g nm−3), Nd is the 
number averaged mean particle size (nm), Sc is the specific surface area of the carbon 
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support (nm2 g−1), and y is the weight percentage of Pt in Pt/C catalysts. For that 
calculation, we assumed hexagonal packing of Pt nanoparticles and used the equations 
developed by Watanabe et al. [21] and modified by Maillard et al. [22]. These values as 
well as the density of isolated/aggregated Pt nanoparticles are shown in Table V-I. 
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Table V-1. Closest particle distance, number and surface averaged mean particle size, density of isolated/aggregated Pt particles and loss 
of isolated Pt particles for the Pt/Sibunit electrocatalysts before/after potential cycling in oxidizing/reducing atmosphere. 
 
 
Pt/Sibunit 5 wt. % Pt/Sibunit 1.5 wt. % 
 
Fresh 

















Closest particle distance /nm 1.9 2.1 3.2 1.4 1.4 3.0 
Pt surface coverage/ % 74.5 70.05 58.54 47.4 47.4 32.21 
Nd / nm 
3.3 3.5 4.2 1.5 1.5 2.2 
Sd / nm 
3.8 3.9 4.7 1.8 2.0 2.6 
Density of isolated particles / µm-2 carbon 9500 8700 6500 15800 15500 13000 
Density of aggregated particles / µm-2 carbon 2000 2000 3000 650 500 1100 
Total density of particles / µm-2 carbon 11600 10700 9500 16450 16000 14100 
Fraction of aggregated particles / % 17.2 18.7 31.6 3.9 3.1 7.8 
Loss of isolated particles / % 0 8.4 31.6 0 1.9 16.1 
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B. Electrochemical characterization 
Figure V-3 shows the CO stripping voltammograms obtained on the Pt/Sibunit 
electrocatalysts. The CO stripping on Pt/Sibunit 5 wt. % features two electrooxidation peaks 
located at E = 0.71 V vs. RHE and E = 0.79 V vs. RHE. As discussed in the previous chapters, 
the low potential pre-peak is due to the electrooxidation of CO molecules adsorbed on 
aggregated Pt nanoparticles, and the high potential peak is ascribed to the electrooxidation 
of CO molecules on “isolated” Pt nanoparticles. The existence of isolated and aggregated Pt 
nanoparticles is confirmed in Figure V-3a, and in Table V-I. On Pt/Sibunit 1.5 wt. %, only one 
single CO electrooxidation peak is observed (Figure V-3b), which indicates that the extent of 
agglomeration was kept low on this sample in agreement with TEM observations.  
 
Figure V-3. The first and the second CO stripping voltammograms recorded on a 
Pt/Sibunit 5 wt. % (a) or on a Pt/Sibunit 1.5 wt. % (b) in CO-free 0.1 M HClO4. v = 0.020 V s-1; 
T = 20 °C. 
 
Figure V-4 displays the variation of the ECSA with respect to the Pt loading for 
Pt/Sibunit 5 wt. % (a) and Pt/Sibunit 1.5 wt. % (b). The ECSA was determined either from the 
coulometry required to desorb a monolayer of Hupd or to oxidize a monolayer of CO. The 
131 
 
Chapter V – Effect of catalyst layer thickness and Pt loading on the ORR activity  
 
linear relationship observed for both materials indicate that 100 % of the Pt surface atoms 
are available for the electrocatalytic reactions. However, whereas the agreement between 
both techniques is excellent on Pt/Sibunit 5 wt. %, a strong deviation is observed for Pt/Sib 
1.5 wt. %. A possible reason for that is the difference in the Pt mean nanoparticle size 
(Pt/Sibunit 5 wt. %: Nd = 3.3 ± 1 nm; Pt/Sibunit 1.5 wt. %: Nd =1.5 ± 1 nm). Indeed, recent 
work of Maillard et al. [23] underlined that using the coulometry of Hupd results in dramatic 
underestimation of the surface area of Pt nanoparticles below 3.0 nm (by a factor of 2 for Pt 





Figure V-4. Dependence of the electrochemically active Pt surface area determined 
from the coulometry required to adsorb a monolayer of Hupd or oxidize a monolayer of CO 
on Pt/Sibunit 5 wt. % (a) or Pt/Sibunit 1.5 wt. % (b). 0.1 M HClO4; v = 0.020 V s-1. 
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C. Effect of the catalyst loading on the ORR activity 
1. Rotating disk electrode measurements 
Figure V-5 displays the voltammograms measured in O2-saturated 0.1 M HClO4 on 
Pt/Sibunit 5 wt. % and Pt/Sibunit 1.5 wt. % with different Pt loadings. Two remarkable 
features appear when the Pt loading decreases: (i) a shift of the ORR curves towards more 
negative electrode potential and (ii) a decrease of the diffusion-limited current. 
This behaviour is reflected on the dependence of the ORR onset potential (Figure V-6) and 




Figure V-5. Dependence of the ORR polarization curves on the Pt loading for 
Pt/Sibunit 5 wt.% (a) and Pt/Sibunit 1.5 wt. % (b). O2-saturated 0.1 M HClO4; v = 0.002 V s-1; 
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negative-going potential sweep from 1.05 to 0.40 V vs. RHE; rotating speed 1600 rpm, T = 
20± 1°C.The currents are normalized to the geometric area of the electrode (0.196 cm2). 
Similar observations were made in the studies of Inaba et al. [24], Mayrhofer et al. [3] 
and Ruvinskiy et al. [25]. Inaba et al. [24] attributed the decrease of the diffusion-limited 
current to the inhomogeneous distribution of the catalyst on the rotating disk electrode 
when the metal loading is low. Ruvinskiy et al. [25] investigated the dependence of the ORR 
activity on the thickness of the model catalyst layer composed of vertically aligned carbon 
nanofilaments loaded with Pt nanoparticles. They concluded that the phenomenon is 
intrinsic to the catalytic layers with low Pt loading, and attributed it to (i) the adsorption 
limitation on the Pt surface [25, 26] and (ii) the decreasing number of electrons participating 
in the ORR, considering the more facile escape of the H2O2 intermediates. 
 
  
Figure V-6. Variation of the ORR onset potential for different Pt loadings for 
Pt/Sibunit 5 wt. % catalyst (a) and Pt/Sibunit 1.5 wt. %. O2-saturated 0.1 M HClO4; sweep 
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rate 0.002 V s-1; negative-going potential sweep from 1.05 to 0.40 V vs. RHE; rotating speed 
1600 rpm, T = 20 ± 1°C. 
 
Figure V-7 shows the influence of different Pt loadings on the ORR specific activity 
reported at E = 0.85 V vs. RHE. It is clear that Pt loadings superior to 40µgPt cm-2 are best 
adapted to perform reliable ORR measurements on Pt/Sibunit 5 wt. %. Indeed, the diffusion 
limited current approaches the value that is predicted on an extended Pt surface by the 
Levich equation, and the ORR specific activity is stable. Conversely, adjusting the Pt loading 
for Pt/Sibunit 1.5 wt. % catalyst is not trivial. The latter should be sufficiently large to reach 
the diffusion-limited current predicted by the Levich equation. However, thick catalyst 
layers yield additional mass-transport limitations, and induce error in the determination of 
the ORR specific activity. 
 
 
Figure V-7. Dependence of the ORR specific activity measured at E =0.85 V vs. RHE 
and of the diffusion-limited current with respect to the Pt loading for Pt/Sibunit 5 wt. %(a) 
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and Pt/Sibunit 1.5 wt. % (b). O2-saturated 0.1 M HClO4; sweep rate 0.002 V s-1; negative-
going potential sweep from 1.05 to 0.40 V vs. RHE; rotating speed 1600 rpm, T = 20± 1°C. 
2. Rotating ring-disk electrode measurements 
Figure V-9 shows the ORR polarization curves recorded as a function of the disc 
electrode potential ED on Pt/Sibunit-based catalytic layers having different thickness. 
The measurements were performed in rotating ring-disc configuration, that is the disc and 
ring currents (ID and IR, respectively) were recorded as a function of the disc electrode 
potential ED. The ORR takes place on the central disc electrode and H2O2 molecules escaping 
from the catalytic layer are oxidized at the Pt ring polarized at E =1.23 V vs. RHE. The current 
detected at the ring allows for the calculation of the effective number of transferred 
electrons during the ORR (ne-).  
 Similarly to what was observed in the former section, the diffusion-limited current 
on the disc decreases with a decrease of the catalytic layer thickness (Figure V-8). The onset 
potential for the ORR also depends on the catalyst layer thickness, in agreement with the 
results of RDE measurements. Concomitantly, the fraction of H2O2 molecules detected at 
the ring steeply increases with a decrease of the catalyst layer thickness. These results 
qualitatively agree with those obtained by Inaba et al. on conventional Pt/C-based catalytic 
layers [24]. 
 
Figure V-8. Thickness of catalyst layers (µm) with respected to the Pt loading on the 
GC electrode (in µg cm-2). 
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==                        Equation V-2 
 
Here VPt/Sib is the volume of the carbon-supported Pt nanoparticles (cm3), AElectrode is 
the surface area of the glassy carbon electrode (cm-2), mPt/Sib is the weight of Pt/C deposited 
on the glassy carbon electrode (µg), ρPt/Sib is the apparent density of the carbon-supported 
Pt nanoparticles (g cm-3),c and ϒPt/Sib is the Pt/Sib loading (µgPt/Sib cm-2).  
 
 
c The value of ρPt/Sib should be estimated from that of Pt (ρPt = 21.4 g cm-3) and from 
that of the Sibunit carbon support (ρSibunit). Since ρSibunit was unknown, we estimated it from 
that of another carbon support, which had similar specific surface area (Vulcan 3 N330), see 
Ref. [27]. The estimated values of ρPt/Sib are 2.55 and 3.22 g cm-3 for Pt/Sibunit 1.5 and 5 
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Figure V-9. Ring (above) and disc (below) currents measured on Pt/Sibunit 5 wt. % 
and Pt/Sibunit 1.5 wt. % catalysts in O2-saturated 0.1 M HClO4. v =2 mV s-1, rotation speed 
1600 rpm.  
 
Figure V-10 features the variation of the fraction of H2O2 molecules and the effective 
number of transferred electrons during the ORR. These two parameters were calculated 




























       Equation V-4 
 
Where ID is the disc current, IR is the ring current, and N is the collection efficiency of 
the RRDE tip determined separately for each sample. A value of ne- = 4 indicates that all the 
reacting O2 molecules are reduced into H2O independently of the reaction mechanism (4 e- 








Figure V-10. Effective number of electrons transferred electrons (a) and fraction of 
H2O2 molecules produced during the ORR (b) on Pt/Sibunit 5 wt. % and Pt/Sibunit 1.5 wt. % 
in O2-saturated 0.1 M HClO4. v =2 mV s-1, rotation speed 1600 rpm. 
 
As can be seen, the value of ne- non-negligibly depends on (i) the Pt to C weight 
fraction and (ii) the catalyst layer thickness, and decreases with a decrease of these two 
parameters. These results confirm that the electrochemical reduction of O2 molecules 
involves H2O2 as a main reaction intermediate, and proceeds via the series 2 + 2 e- 
mechanism. Indeed, at constant layer thickness, the probability for H2O2 molecules to re-
adsorb on neighbouring Pt particles is lower for the electrocatalyst with the lowest Pt to C 
weight fraction. Similarly, a decrease of the catalyst layer thickness yields higher probability 
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for H2O2 molecules to escape from the catalytic layer and to be detected at the ring. Again, 
this agrees with the results obtained by Ruvinskiy et al. [15] on Pt/vertically aligned carbon 
nanofilaments. 
D. Stability of Pt/Sibunit electrocatalysts in the presence of oxidizing and 
reducing gas 
The electrochemical activity of Pt/Sibunit 5 wt. % and Pt/Sibunit 1.5 wt. % 
electrocatalysts for the CO monolayer electrooxidation is shown in Figure V-11. A CO 
electrooxidation pre-peak appears at about E = 0.71 V vs. RHE and a negative shift of the 
main peak is observed on Pt/Sibunit 5 wt. % with respect to Pt/Sibunit 1.5 wt. %. These 
features confirm larger Pt particle size and higher extent of aggregation [28-30] on the 5 wt. % 
Pt/Sibunit catalyst in good agreement with the data derived from the analysis of 
representative TEM images (Table V-1). 
 
Figure V-11. Background-subtracted CO stripping voltammograms on Pt/Sibunit 5 
wt. % and Pt/Sibunit 1.5 wt. % catalysts. The currents are normalized to the real surface 
area estimated from CO stripping. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C. 
 
Interestingly, repetitive CO stripping sequences cause a decrease of the charge 
under the main CO electrooxidation peak and an increase of the charge contained under the 
pre-peak. These results agree with those presented in Chapter III and indicate that the 
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Pt/Sibunit nanoparticles are mobile and agglomerate upon collision during the CO stripping 
sequences. The analysis of representative TEM images clearly evidences minor changes of 
the mean Pt particle size (Figure V-12) but a strong increase of the fraction of aggregated 
and/or non-spherical Pt/Sibunit nanoparticles (Figure V-12) at the expense of the isolated 
Pt/Sibunit particles.  
 
 
Figure V-12. Repetitive CO stripping voltammograms measured on Pt/Sibunit 5 wt. % 
(above) and Pt/Sibunit 1.5 wt. % (below). The currents are normalized to the real surface 
area estimated from CO stripping. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C. 
 
In order to estimate the stability of the two model electrocatalysts, 50 potential 
cycles were performed from 0.05 V vs. RHE to 1.23V vs. RHE in oxidizing (O2-saturated) or 
reducing (CO-saturated) atmospheres. Before and after the ageing test, CO stripping 
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voltammograms and TEM images were recorded to monitor the morphological changes of 
the Pt/Sibunit electrocatalysts (Figure V-13). It is interesting to note that the treatment 
under oxidizing atmosphere induces minor changes of the mean particle size but Pt particle 
detachment. Conversely, the Pt/Sibunit nanoparticles aggregate easily during the 
experiments in CO-containing atmosphere, in agreement with the results obtained in 
Chapter III. These results suggest that enhanced rate of Pt crystallite migration/aggregation 





Figure V-13. Particle size distributions and representative TEM images of Pt/Sibunit 5 
wt. % (left) and Pt/Sibunit 1.5 wt. % (right) before/after ageing in reducing or oxidizing 
environment (50 potential cycles from 0.05 V vs. RHE to 1.23 V vs. RHE in oxidizing (O2-
saturated) or reducing (CO-saturated) atmospheres, sweep rate 0.05 V s-1). Electrolyte: 0.1 









Figure V-14. Density of isolated particles and agglomeration on Pt/Sibunit 5 wt. % 
(left) and Pt/Sibunit 1.5 wt. % (right) before/after ageing in reducing or oxidizing 
environment. 
III. Conclusions 
The results presented in this chapter suggest that the aging of the catalytic layers 
also impacts the ORR kinetics through transport and re-adsorption effects. This was 
highlighted using model Pt/Sibunit electrocatalysts and variable Pt loadings and catalytic 
layer thicknesses. The RDE and RRDE experiments performed on these two model 
electrocatalysts provided evidences that the ORR follows the series 2 + 2 e- pathway on 
Pt/Sibunit catalysts. Indeed, the average number of transferred electrons produced during 
the ORR decreases below 4 with the decrease of the catalyst layer thickness or the Pt 
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loading. This is rationalized by considering the lower probability for H2O2 molecules to re-
adsorbed and further reduced into water in the catalytic layer. We also found that 
Pt/Sibunit electrocatalysts face similar degradation mechanisms as Pt/Vulcan XC 72 used in 
Chapter III. Repetitive potential cycles in CO-containing electrolyte facilitate the migration 
and aggregation of Pt nanoparticles. Similarly, we observed that repetitive potential cycles 
in O2-containing electrolyte cause a decrease of the density of isolated Pt nanoparticles. The 
latter however is believed to result from the detachment of the Pt nanoparticles following 
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This chapter is based on the following article: 
“Pt NWs as more robust electrocatalysts for PEMFCs” by Z. Zhao, L. Dubau, F. 
Maillard, in preparation. 
The contribution of the author of the present chapter includes the entirety of the 
experimental part (preparation and measurements of the properties of the catalytic 
systems), treatment and analysis of the experimental data and participation in preparation 
of the manuscript for the publication. 
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I. Introduction 
As it was mentioned in the previous chapters, the loss of ECSA is a major source of 
PEMFC performance degradation over time [1-10]. In an early study, Guilminot et al. [8] 
identified at least four possible degradation mechanisms for the nanometre sized Pt/C-
based materials: (i) electrochemical dissolution/redeposition of the metal nanoparticles 
(Ostwald ripening) (ii) chemical redeposition and reduction of the Ptz+ ions in the ionomer 
phase by H2 molecules crossing over from the anode (iii) metal nanoparticle detachment 
induced by corrosion of the carbon support and (iv) crystallite migration.  
 
Most of these effects arise from the nanometre dimension of the Pt crystallites used 
to catalyse the HOR at the anode and the ORR at the cathode. Indeed, the small size of the 
metal nanoparticles is beneficial to reach high specific surface area (and thus high mass 
activity), but favours their dissolution. The minimization of the overall surface energy of the 
total mass of electrocatalyst is the driving force of Ostwald ripening, [11] and the Gibbs–
Thomson relation shows that the dissolution rate increases with a decrease of the Pt 
particle size [12]. The dissolution rate is also accelerated by the electrode potential and the 
load-cycle applied, [4, 13-17], the relative humidity [14] and the temperature [18, 19]. 
Similarly, we have seen in Chapter III that the adhesion between the metal nanoparticles 
and the carbon support is modified in the presence of reducing molecules, yielding 
increased mobility and aggregation of the metal nanocrystallites. Chemical and stable 
modification of the carbon support appears to be a promising way to circumvent this issue 
but is challenging with regards to the highly oxidizing PEMFC environment [20, 21]. 
Ultimately, non-supported catalysts may suppress the durability issues related to the carbon 
support. d 
 
Another option to avoid durability issues related to the carbon support while 
maintaining high catalytic activity consists of using Pt-coated supports, [22-25] high surface 
area Pt nanowires (Pt NWs), Pt nanotubes or mesoporous Pt structures. Recently, Zhou, 
d However, in the absence of a porous carbon support, the PEMFC catalytic layers might suffer issues related to 
insufficient O2 mass-transport and poor water management. 
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Koenigsmann and Adzic [26-29] used Pt nanostructures with ultrathin one dimensional (1D) 
NW morphology to catalyse the electrooxidation of ethanol. The Pt nanostructures were 
shown to be composed of elongated single crystalline segments with smooth crystal planes 
that are connected by grain boundaries forming a NW structural motif. These structures 
possess proportionally less low surface coordinated surface atoms and hence are less prone 
to be corroded than the conventional Pt nanoparticles with zero-dimensional (0D)e 
morphology. In addition, the 1D nanostructures provide several beneficial features in terms 
of electrocatalysis [26-35] including (i) facile re-adsorption of reaction intermediates and 
hence maximization of the number of effectively transferred electrons per O2/fuel molecule 
at the cathode/anode, respectively (see Chapter V), (ii) weaker bonding with oxygen-
containing species [36]. Unlike the hard template methods, nanowires can be fabricated 
without additional templates, while they were obtained through the self-assembly of 
nanoparticles in a reverse micelle solution. 
Recently, Sung et al. [34] synthesized Pt NWs (3 nm in diameter) in a mesoporous 
silicate mobile composition of matter (MCM-41) hard template with channel-like pores of 
uniform size. The authors reported improved specific and mass activity for the methanol 
oxidation reaction (MOR). Chien and Jeng [30] reported the synthesis of Pt and PtRu 
nanonetworks using a self-assembled, layered template of polystyrene nanospheres by 
chemical reduction deposition, and the performance of the DMFC cell based on the Pt and 
PtRu nanonetwork electrocatalysts was 3–4 times higher than that of the cell with 
conventional Pt and PtRu nanoparticle electrocatalysts. Kim et al. [31] reported the 
synthesis of Pt NWs via the polymer template method with improved mass activity for the 
MOR. However, the hard template method generally produces low metallic 
interconnectivity due to the poor continuity of precursors in the hard template. Also the 
removal of the hard template normally requires the use of hydrofluoric acid, which causes 
serious concerns for the environment and safety. Besides, the size and shape of the 
nanostructured materials are usually limited by the porous structure of the hard templates 
available. Thus, the soft template synthesis methods appear to be more suitable and flexible 
for the synthesis and control of the effective multi-dimensional Pt nanostructured 
electrocatalysts for fuel cell applications. Song et al. [33] developed a phase-transfer 
e 0D, 1D, and 2D nanotructures –. Clusters, Nanowires, Sheet 
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method to prepare platinum NW networks with controllable cross-section diameter. Wang 
et al. [37] synthesized Pd NWs via a controllable self-assembly method mediated by the 
polysodium-p-styrenesulfonate polyelectrolyte, and the as-prepared Pd NW shows an 
enhanced electrocatalytic activity for the formic acid oxidation as compared to Pd NP/C 
electrocatalysts.  
 
This short literature review shows that, despite their high initial metal loading, Pt 
NWs have great potential to replace nanoparticles in a PEMFC. In this chapter, we 
successfully synthesized Pt NWs catalysts with an average cross section diameter of about 
2.1 ± 0.2 nm by a soft template method. The physical properties of the Pt NWs were 
characterized by TEM, SEM and XRD techniques. A 20 wt. % Pt/C catalyst (E-TeK) with 
similar particle size (2.5 ± 0.1 nm) and a 40 wt. % Pt/C catalyst (E-TeK) with larger particle 
size (3.5 ± 0.2 nm) were used as benchmark materials. The activity of the Pt NWs/C catalysts 
was tested for reactions of interest in PEMFC and DMFC including CO and MOR. We also 
focused on the stability of the Pt NWs/C catalysts in conditions mimicking fuel cell operation.  
II. Results and discussion 
A. Physical properties of Pt NWs/C catalyst 
The Pt NWs were prepared by a soft template method using 
cetyltrimethylammonium bromide ((C16H33)N(CH3)3Br, CTAB) as a surfactant. In typical 
synthesis conditions, a 10 mL of 20 mM K2PtCl4 aqueous solution was increasingly added to 
10 mL of chloroform containing 40 mM CTAB under vigorous stirring conditions and T = 
20 °C. Previous experiments in similar conditions [33, 38-40] have suggested that wormlike 
micelles form under these conditions. The K2PtCl4 precursor was then reduced with the 
addition of a solution of 10 mL 30 mM NaBH4 under stirring at a speed of 1000 rpm. 
The colour of the solution changes from light yellow to dark brown indicating the reduction 
of the Pt precursor to metallic Pt. Excess CTAB and chloroform were removed by flitting with 
200 mL boiling ethanol(80 °C) and 1000 mL water (100 °C) until the solution was transparent 
after washing.  
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 Figure VI-1 shows the TEM micrographs of the synthesized Pt NWs. The Pt NWs are 
interconnected, and form two-dimensional NWs with multi-grained boundaries. 
The average cross-sectional diameter of the Pt NWs is 2.1 ± 0.2 nm and the distribution in 
size and structure is very uniform. Some of the Pt NWs were then deposited on Vulcan XC-
72 for electrochemical experiments. The aging test includes (i) 10 sequential CO stripping 
voltammograms, (ii) 50 and 800 potential cycling on Pt NWs/C in solutions containing Ar, CO 
and methanol or (iii) 1000 CVs and 5000 CVs on the pure Pt NWs, Pt NWs/C, Pt NP/C 20 wt.% 
and Pt NP/C 40 wt.% at T = 20 °C. CO stripping experiments were performed before/after 
the aging treatment. 
1. Transmission Electron Microscopy characterization 
Figure VI-1B displays a high resolution TEM image of the nanostructure of Pt NWs. 
This image shows that the Pt NWs are polycrystalline, with randomly oriented grains and 
varied orientations of the atomic lattice fringes. The HRTEM images also show that the Pt 
NWs are highly-defective materials with a high concentration of grain boundaries. The 
average cross section diameters of the Pt NWs was calculated by counting more than 50 
different zones in the TEM images, and equals 2.1 ± 0.2 nm. 
 
Figure VI-1. Representative TEM images of Pt NWs at low magnification (A) and Pt 
NWs at high magnification (B). 
2. Scanning Electron Microscope (SEM) characterization 
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SEM images indicate that the Pt NWs are not single separated nanowires but form a 
complex 3D honeycomb structure (Figure VI-2). Similar morphology was recently reported 
by Wang and Zhou [26, 28, 36]. 
 
Figure VI-2. Representative SEM images of Pt NWs at low magnification (A) and Pt 
NWs at high magnification (B).  
3. XRD characterization 
Figure VI-3 shows the XRD patterns and the mean crystallite size of Pt NWs and Pt 
NPs (20 wt. % E-TeK). The average crystallite size XRDd  was estimated from the peak 








d XRD                                                                                Equation VI-1 
  
Here XRDd  is the crystal dimension normal to the diffracting planes, K is the Scherrer 
constant (K = 0.89), λ is the X-ray wavelength, B2θ is the integral breath of the diffraction 
peak in terms of the 2θ angle in radians (the full width at half maximum is frequently used), 
and θ is the Bragg angle. 
 
From Figure VI-3, the mean crystallite size of Pt NWs estimated by XRD is 2.0 nm, a 
value that is very similar to that of the diameter of the cross sections calculated from TEM 
images, and to the average mean particle size of the benchmark 20 wt. % Pt/C .  
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Figure VI-3. XRD patterns and mean particle size of Pt NWs and Pt/C 20 wt. % 
 
We were also interested in knowing whether the Pt NWs possess, to some extent, 
preferential crystallographic orientation. The phenomenon of preferred crystallographic 
orientation (texture) means that certain crystallographic planes are oriented in a preferred 
manner [42]. The reasons for that include but are not limited to plastic deformation, and 
heterogeneous growth of particles. The texture coefficients (TCs) of the synthesized 
material were obtained by comparing the intensity of the diffraction peaks of Pt NWs with 


















                                                                      Equation VI-2 
 
Here I(hkl)i is the observed intensity of the (hkl)i plane; Io(hkl)i the intensity of 
(hkl)i plane of the corresponding un-textured sample; N is the total number of reflections 
taken into account. A value of TC > 1 indicates a preferred crystallographic orientation. If TC 
= 1, there is no preferential crystallographic orientation in the sample. Conversely, if for a 
certain plane, the ratio between the intensity of the diffraction peaks measured on the Pt 
NWs and on the Pt/C NPs is larger than one, the Pt NWs possess a preferred orientation for 
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this plane. Obviously, the existence of preferred orientation for a certain plane implies that 
other planes have TC values < 1: indeed, the sum of the TC coefficients should equal N.  
 
The XRD results show that the proportion of high-index Pt crystallographic planes, 
such as (220), (311) and (222), is larger in Pt NWs /C with respect to Pt NPs /C (E-TeK 20 
wt %). Concomitantly, the TC values of the (111) and (200) orientations strongly decrease, 
more severely for the (111) planes. Such behaviour indicates that the growth of the Pt NWs 
is anisotropic, and confirms the presence of grain boundaries such as those imaged in the 
zoom of Figure VI-1.  
Table VI-1. Texture coefficients values of Pt NWs 
Material Crystallographic planes used for the calculation 
Pt NWs /C 
Texture coefficients 
(1 1 1)  (2 0 0)  (2 2 0)  (3 1 1)  (2 2 2)  
0.78 0.93 1.04 1.20 1.07 
B. Enhanced durability of Pt NWs/C with respect to Pt NPs/C  
1. Effect of subsequent CO stripping experiments 
Based on the information obtained in the chapter III, we now use “CO stripping” 
voltammograms (i) as a rapid and facile method to probe the robustness of the Pt NWs/C 
and the Pt NPs/C in a reducing atmosphere. As shown in Figure VI-4, Pt NWs /C feature a 
single CO electrooxidation peak with a plateau at low electrode potential. Such experiment 
supports earlier conclusion of Maillard et al. [43, 44] that nanograined structures possess 
high activity for the electrochemical CO oxidation. This was attributed to the high defect 
density on this type of electrocatalysts (steps, intergrain boundaries), and fairly well agrees 
with what was observed in HRTEM in this chapter (see section II. A.1). Recent observations 
of Wang et al. [36] evidenced similar phenomena on Pt NWs/C, which the authors 
attributed to the faster COads surface mobility as well as to the larger fraction of grain 
boundaries on the Pt NWs surface.  
 
Figure VI-4 shows the effect of 10 subsequent CO stripping voltammograms on Pt 
NWs/C and Pt NPs/C catalysts. Interestingly, the changes are minor on the Pt NWs/C relative 
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to Pt NPs/C, which unambiguously shows that the Pt NWs/C catalyst is more stable in these 
“mild ageing conditions” than Pt NPs/C. Here, we postulate that the improved durability of 
Pt NWs/C catalysts may result from: (i) the improved contact surface area between the Pt 
NWs and the carbon support and (ii) the increase of the weight of Pt NWs/C with respect to 
Pt NPs/C, which possibly reduces the mobility of the metal phase.   
 
Figure VI-4. Repetitive background-subtracted CO stripping voltammograms on Pt 
NWs/C and Pt NPs/C electrocatalysts. The currents are normalized to the real surface area 
estimated from CO stripping coulometry. Electrolyte: 0.1 M HClO4; v = 0.020 V s-1; T = 20 °C. 
2. Effect of reducing molecules such as CO and CH3OH 
We now estimate the robustness of the Pt NWs/C in the presence of reducing 
molecules in the electrolyte as we did for the Pt NPs/ in the Chapter III. Figure VI-5 shows 
the CO stripping voltammograms recorded on the fresh Pt NWs/C 20 wt. % before (plain line) 
and after (dashed line) 50 or 800 CVs in Ar or CO-saturated 0.1 M HClO4 or in an electrolyte 
containing 0.5 M methanol.  
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Figure VI-5. CO stripping on fresh/aged Pt NWs/C catalysts after 50 potential cycles 
(left) or 800 potential cycles (right) between 0.05 and 1.23 V vs. RHE in 0.1 M HClO4 
saturated with Ar, CO or containing 0.5 M methanol. v = 0.020 V s-1; T = 20 °C. 
 
Under Ar-saturated or in methanol-containing electrolyte, minor changes of the CO 
stripping voltammograms are detected. Given the strong sensitivity of the CO 
electrooxidation kinetics to the electrode structure, such observations indicate that the 
nature and the size of the crystallites in the Pt NWs as well as the fraction of structural 
defects did not change during the sequence. Here, it is worth recalling that for Pt NPs/C and 
under similar experimental conditions, the charge under the CO electrooxidation pre-peak 
continuously increased at the expense of the main peak and TEM images featured the 
formation of localized areas with high concentration of aggregated Pt particles (Figure III-4,. 
Interestingly, a slight tailing appears after the main peak in the CO stripping experiments, 
which to the present moment remains unexplained. Finally, in CO containing solutions, we 
found a positive shift of the main CO electrooxidation peak after 50 and 800 CVs. As 
discussed in Chapter III, this result point towards the “healing” of surface defects by 
potential cycling in CO-containing solution. The defects are the source of oxygen-containing 
species, and are necessary to oxidize the adsorbed CO molecules. Similar effect was 
observed on Pt NPs/C materials in Chapter III. 
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3. Effect of the carbon support 
Figure VI-6 shows the CO stripping voltammograms recorded on 20 wt. % Pt NWs/C 
and 20 wt.% Pt/C catalysts before/after ageing treatment in a solution containing methanol. 
Similar to what was shown in chapter III, the electrochemical experiments suggest that the 
nanometre-sized Pt crystallites are mobile and agglomerate upon potential cycling in 
methanol-containing electrolyte. At variance, slightly changes are monitored both for the 20 
wt. % Pt NWs/C. Interestingly, a small electrooxidation peak, located at potential more 
positive from that of the main peak, appears after extensive potential cycling on the 
unsupported Pt NWs. The latter indicates that some sites of the surface become less active 
for the electrooxidation of methanol and of its main reaction intermediate (CO). The 
reasons for that however remain largely unclear and are not the focus of the present Ph.D. 
 
Figure VI-6. Background subtracted CO stripping voltammograms on fresh/aged Pt 
NWs/C and 20 wt.% Pt NPs/C catalysts after 50 (left) or 800 potential cycles (right) between 
0.05 and 1.23 V vs. RHE in 0.1 M HClO4 + 0.5 M methanol. v = 0.020 V s-1; T = 20 °C. 
4. Long term ageing treatment 
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Long-term ageing experiments were also performed to determine the stability of the 
unsupported Pt NWs, the Pt NWs/C and the benchmark Pt NP/C catalysts (20 wt. % and 40 
wt. %). The aging procedure comprised 1000 or 5000 potential cycles between 0.05 V vs. 
RHE to 1.23 V vs. RHE in 0.1 M HClO4 at a sweep rate v = 0.2 V s-1 and T = 60 °C. Figure VI-7 
shows the CO stripping voltammograms measured on the fresh/aged catalysts. On both Pt/C 
20 and 40 wt. %, the charge under the pre-peak increased at the expense of main peak, a 
feature that is typical of the formation of Pt aggregates. On the contrary, on both carbon-
supported and unsupported Pt NWs, the position of the main CO stripping peak remained 
largely unchanged, and demonstrates the high stability of the synthesized Pt NWs under 
reducing conditions. 
  
Figure VI-7. Background subtracted CO stripping voltammograms measured on Pt 
NWs, Pt NWs /C, Pt NPs/C 40 wt. % and Pt NPs/C 20 wt %. The ageing treatments were 
performed in the 0.1 M HClO4, sweep rate 0.2 V s-1. T = 60 °C. Electrolyte: 0.1 M HClO4; v = 
0.020 V s-1; T = 20 °C. 
C. Electrocatalytic activity of Pt NWs/C for the MOR 
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Figure VI-8 shows the electrocatalytic activity of Pt NWs/C and Pt NPs/C catalysts for 
the MOR in 0.1 M HClO4 + 0.5 M MeOH. The currents are normalized to the surface area 
estimated from the CO stripping coulometry. The current peak ratio of If (the forward peak 
current density) to Ib (the backward peak current density) is used to indicate the CO 
tolerance of Pt catalysts [36]. The If/Ib ratio strongly depends on the potential sweep rate, 
and is much higher on the Pt NWs/C than on Pt NPs/C. Similar results were recently 
obtained by Wang et al. [33, 36] on PtRu NWs/C. The authors ascribed the enhanced 
electrocatalytic activity of PtRu NWs/C vs. PtRu NPs/C to the high fraction of grain 
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Figure VI-8. Cyclic voltammograms of Pt NWs/C (a), Pt NPs/C 40 wt % (b) and Pt 
NPs/C 20 wt. % (c) in a 0.1 M HClO4 + 0.5 M MeOH solution at different scan rates of 0.2, 0.1, 
0.05 and 0.01V s-1. T = 20 °C. 
 
It is generally admitted that the MOR proceeds via a Langmuir-Hinshelwood 
mechanism in which methanol is adsorbed and dissociated onto the Pt surface, yielding the 
formation of COads in the potential region E < 0.5 V vs. RHE [45-50]. This step is fast is the 
main reason for the rapid poisoning of the Pt surface under low electrode potential 
conditions.  
 
CH3OH + Pt → Pt(CH3OH)ads                                            Equation VI-3 
Pt(CH3OH)ads →Pt(CO)ads + 4 H+ + 4e-                                          Equation VI-3a 
H2O + Pt → Pt(OH)ads + H+ + e-                                                        Equation VI-3b 
Pt(OH)ads + Pt(CO)ads → 2 Pt + CO2 + H+ + e-                                            Equation VI-3c 
 
At more positive electrode potentials, COads is then oxidized to CO2 (Equation VI-3) 
via adsorbed oxygenated species (OHads) formed by water splitting. As COads is the main 
intermediate formed during the MOR in DMFCs, the CO tolerance of Pt NWs/C and Pt NPs/C 
catalysts is important. Figure VI-9 shows the background subtracted CO stripping curves 
normalized by ECSA. CO oxidation on the Pt NPs/C samples consists of two peaks at E ∼ 0.87 
V vs. RHE with variable electrical charges below them as a result of variable degree of 
aggregation. On Pt NWs/C, the position of the main peak is shifted by ca. 170 mV, indicating 
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much larger tolerance to CO of Pt surface atoms. The latter is believed to consistently 
account for the observed enhanced MOR kinetics on the 1D material.  
 
Figure VI-9. Background-subtracted CO stripping voltammograms on Pt NWs /C, Pt NPs/C 20 
wt.% Pt NPs/C 40 wt.%. in 0.1 M HClO4, sweep rate 0.02 V s-1. Electrolyte: 0.1 M HClO4; v = 
0.020 V s-1; T = 20 °C. 
III. Conclusions 
In this chapter, Pt NWs with ca. 2.0 nm crystallite size were synthesized by a soft 
template method and benchmarked with Pt NPs/C 20 wt. % E-TeK. The electrocatalytic for 
the electrooxidation of CO and methanol molecules and the stability in conditions mimicking 
fuel cell operation of these two materials were investigated. Evidences were provided that 
the morphology of the Pt material plays a pivotal role: the 1D Pt NWs/C demonstrate a 
reduction by ca. 170 mV of the CO oxidation overpotential and feature high and stable MOR 
activity. The latter was bridged with HRTEM images showing that the Pt nanowires possess 
smooth crystal planes that are connected by grain boundaries. XRD experiments also 
evidence preferential texture of the Pt NWs with a high fraction of high-index crystal planes. 
The enhanced durability of Pt NWs/C was rationalized by considering (i) the increase of the 
weight of the Pt nanomaterials resulting from the increase of the morphology size 
(nanoparticles to nanowires) and (ii) the enhanced contact surface area between the Pt 
NWs and the carbon support. The development of 1D Pt nanostructures, such as Pt NWs, 
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Chapter VII – General conclusion and outlook  
 
State-of-the-art catalytic layers of PEMFCs utilize ionomer-bonded Pt-based 
nanocrystallites supported on a porous carbon support to accelerate the rate of the 
hydrogen oxidation reaction at the anode, and the oxygen reduction reaction at the cathode. 
Post-mortem analysis of PEMFC catalytic layers revealed that four degradation mechanisms 
yield Pt surface area losses (and hence decreased PEMFC performance): (i) aggregation 
and/or detachment of the metal nanoparticles, (ii) corrosion of the high surface area carbon 
support, (iii) Ostwald ripening (dissolution/redeposition of the Pt-based crystallites) yielding 
the formation of Ptz+ species and (iv) chemical reduction of the Ptz+ species in ion conductors, 
yielding the formation of electrically disconnected Pt crystallites. Evidences were provided 
in this manuscript that the first three degradation mechanisms take place simultaneously, 
and interact with each other in a model PEMFC environment. The second key result of this 
Ph.D. is that the contribution of each degradation mechanism to the loss of 
electrochemically active Pt surface area depends on the nature of the gaseous atmosphere 
and on the potential range used in the accelerated aging test.  
 
A major concern of the PhD was to be able to isolate a well-known yet poorly 
explored degradation mechanism: the migration of the Pt nanocrystallites. For that purpose, 
commercial Pt/Vulcan XC 72 electrocatalysts were aged in “mild” conditions, for which the 
corrosion of both the Pt nanoparticles and the carbon support could not be considered 
dominant. The materials were characterized by electron microscopy and electrochemical 
techniques in the fresh state and after various aging conditions. Evidences were provided 
that the Pt/C nanoparticles are not immobile but prone to aggregate in the presence of H2, 
CH3OH, and CO, three molecules of interest for PEMFC applications. The migration rate of 
the Pt crystallites was the largest in CO-containing solution and decreased in the order CO > 
CH3OH > H2. Based on thermodynamic considerations, we suggested that chemisorption 
modifies the surface tension of Pt, and lowered the work of adhesion between the Pt 
nanoparticles and the high surface area carbon support. The possible interactions between 
the oxygen-containing groups of the carbon support and the Pt nanoparticles were also 
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In Chapter IV of the Ph.D., we provided some insights into the mechanism of the 
electrochemical oxidation of Vulcan XC72, a carbon black support classically used in PEMFC 
catalytic layers. Raman spectroscopy measurements evidenced that the disordered domains 
of the Vulcan XC72 support (non-graphitic, sp3-hybridized) are preferentially oxidized in 
experimental conditions mimicking the operation of a PEMFC. The ordered domains 
(graphitic carbon, sp2-hybridized) of the Vulcan XC72 support are also oxidized but at a 
much smaller rate than that observed on the non-graphitic domains. The preferential 
oxidation of the disordered domains of Vulcan XC72 translates in XPS by a concomitant 
decrease of the content of oxygen-containing carbon surface groups. A major consequence 
of the oxidation of the high-surface area carbon support is the aggregation and the 
detachment of the supported Pt nanoparticles. Here again, the role of the oxygen-
containing carbon surface groups, which are reaction intermediates in the carbon oxidation 
reaction, requires clarification. It is of prime importance to determine (i) whether the 
kinetics of corrosion of the carbon support depends on the nature and the content of 
oxygenated groups that are initially present on the surface but also (ii) if these oxygenated 
groups are the same as those formed during the corrosion reaction. Future work in this 
direction requires the coupling of electrochemical, chemical and physical techniques such as 
Fourier-Transform infrared spectroscopy, mass spectroscopy and identical location 
transmission electron microscopy. 
 
In Chapter V, we used model Pt/Sibunit electrocatalysts to show that aged catalytic 
layers featuring (i) low Pt to C weight fraction, (ii) large Pt crystallite size and (iii) large inter-
particle distance, perform worst for the ORR. Evidences were provided that the ORR follows 
the series 2 + 2 e- pathway with H2O2 as the major reaction intermediate. The fraction of 
H2O2 molecules escaping from the catalytic layer, and being detected at the ring in RRDE 
experiments highly depends on the Pt to C surface coverage and of the thickness of the 
catalytic layer. Consequently, the average number of transferred electrons produced during 
the ORR decreases below 4 with the decrease of the catalyst layer thickness or the Pt 
loading. This is rationalized by considering the lower probability for H2O2 molecules to be re-
adsorbed and further reduced into water in the catalytic layer. We also found that 
Pt/Sibunit electrocatalysts face similar degradation mechanisms as Pt/Vulcan XC 72 used in 
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Chapter III. Repetitive potential cycles in CO-containing electrolyte facilitated the migration 
and aggregation of Pt nanoparticles. Similarly, we observed that repetitive potential cycles 
in O2-containing electrolyte cause a decrease of the density of isolated Pt nanoparticles. It is 
believed that the large production of H2O2 molecules cause enhanced rate of carbon 
corrosion and detachment of the Pt nanoparticles. 
 
Finally, Pt NWs with 2.1 ± 0.2 nm crystallite size were synthesized by a soft template 
method and benchmarked with Pt NPs/C 20 wt. % E-TeK. The electrocatalytic for the 
electrooxidation of CO and methanol molecules and the stability in conditions mimicking 
fuel cell operation of these two materials were investigated. Evidences were provided that 
the morphology of the Pt material plays a pivotal role: the 1D Pt NWs/C demonstrate a 
reduction by ca. 170 mV of the CO oxidation overpotential and feature high and stable MOR 
activity. The latter was bridged with HRTEM images showing that the Pt nanowires possess 
smooth crystal planes that are connected by grain boundaries. XRD experiments also 
evidenced preferential texture of the Pt NWs with a high fraction of high-index crystal 
planes. The enhanced durability of Pt NWs/C was rationalized by considering (i) the increase 
of the weight of the Pt nanomaterials resulting from the increase of the morphology size 
(nanoparticles to nanowires) and (ii) the enhanced contact surface area between the Pt 
NWs and the carbon support. The development of 1D Pt nanostructures, such as Pt NWs, 
hold promises to solve the durability issues faced with the 0D materials actually used in a 
PEMFCs. 
 
The next generation of catalytic materials should be capable of fulfilling 
simultaneously cost, performance, and durability requirements of PEMFC applications. 
Evidences were provided in this manuscript that the stability of PEMFC electrocatalysts may 
be largely enhanced by designing adequately their nanostructure. In addition, it is now well-
established that bimetallic alloyed Pt-M/C surfaces (M being a transition metal) exhibit an 
improved catalytic performance for the ORR relative to Pt, both in terms of mass activity 
(per g of Pt) or specific activity (per real cm2 of Pt). Therefore, Pt-M nanowires, Pt-M 
capsules and Pt-M nanonetwork appear to be interesting materials, which combine positive 
effects in ORR electrocatalysis and long-term stability. Using such catalytic materials will 
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impose to pay a high price for PEMFC catalytic layers, but it is the opinion of the author that 
high mass activity and durable performance cannot be met with the conventional 
nanometre-sized crystallites. PtxCoy nanowires supported on Vulcan XC72 were recently 
synthesized in our lab using the methodology exposed in Chapter VI. However, due to time 
constraints and limited access to characterization techniques, only preliminary results were 
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Ce travail de thèse s’est intéressé aux mécanismes de dégradation de 
nanoparticules de Pt supportées sur carbone utilisées pour catayser 
les réactions électrochimiques dans une pile à combustible à 
membrane échangeuse de protons (PEMFC). Une attention 
particulière a été portée au mécanisme de l’oxydation électrochimique 
du Vulcan XC72, un noir de carbone couramment utilisé dans les 
couches catalytiques de PEMFC. Des mesures par spectroscopie 
Raman ont montré que les domaines désordonnés du Vulcan XC72 
(non-graphitiques, hybridisation sp3) sont corrodés de façon 
préférentielle dans des conditions expérimentales proches de celles 
d’une cathode de PEMFC. En conséquences, les nanoparticules de Pt 
se détachent ou agglomèrent comme le révèlent des expériences par 
microscopie électronique en transmission. Les distances entre 
nanoparticules de Pt influencent les cinétiques de la réaction 
cathodique par des effets liés au transport et à la ré-adsorption des 
intermédiaires réactionnels. Nous montrons également que les 
nanocristallites de Pt ne sont pas immobiles mais qu’elles agglomèrent 
en présence de molécules réductrices. La vitesse de migration 
augmente dans l’ordre : CO > CH3OH > H2. Finalement, les nano-fils 
de Pt révèlent un potentiel intéressant pour surmonter les problèmes 
de durabilité des matériaux conventionnels évoqués dans cette thèse. 
 
Mots clés : pile à combustible à membrane échangeuse de 
protons, durabilité des matériaux de PEMFC, oxydation 





This Ph.D. focused on the degradation mechanisms of carbon-
supported Pt nanoparticles used to catalyse the hydrogen oxidation 
reaction, and the oxygen reduction reaction (ORR) in proton-exchange 
membrane fuel cells (PEMFC). We paid special attention to the 
mechanism of the electrochemical oxidation of Vulcan XC72, a 
conventional carbon black support classically used in PEMFC catalytic 
layers. Raman spectroscopy measurements evidence that the 
disordered domains of the Vulcan XC72 support (non-graphitic, sp3-
hybridized) are preferentially oxidized in experimental conditions 
mimicking the operation of a PEMFC cathode. A major consequence of 
the oxidation of the high surface area carbon support is the 
aggregation and the detachment of the supported Pt nanoparticles, as 
revealed by identical location transmission electron microscopy 
experiments. The increasing distances between the Pt nanoparticles 
impacts the ORR kinetics through transport-readsorption effects. 
Evidences were also provided that the carbon-supported Pt 
nanoparticles are not immobile but prone to agglomerate in the 
presence of reducing molecules, and that the migration rate increases 
in the order CO > CH3OH > H2. Finally, Pt nanowires have been 
synthesized to overcome the durability issues faced with the 
conventional materials used in a PEMFC. 
 
Keywords: proton exchange membrane fuel cell, durability of 
PEMFC materials, electrochemical carbon oxidation, crystallite 
migration, Pt nanowires. 
